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&Copy! number! variations! (CNVs)! are! major! contributors! of! genomic! imbalances!disorders.! On! the! short! arm! of! chromosome! 16,! CNVs! of! the! distal! 220! kb! BP2^BP3!region! show! mirror! effect! on! BMI! and! head! size,! and! association! with! autism! and!schizophrenia,! as! previously! reported! for! the! proximal! 600! kb! BP4^BP5! deletion! and!duplication.!These!two!CNVs^prone!regions!at!16p11.2!are!also!reciprocally!engaged!in!complex! chromatin! looping,! successfully! confirmed! by! 4C^seq,! FISH,! Hi^C! and!concomitant! expression! changes,! and!are! chromatin! interactors!of! other! loci! linked! to!autism!and/or!mirror!phenotypes!of!BMI!and!head!circumference,!for!example!the!2p15!cytoband.! Zebrafish! modeling! of! the! BP2^BP3! duplication! revealed! that! the!overexpression! of! the! linker! for! activation! of! T! cells! (LAT)! induces! a! reduction! in!dividing!cells!in!the!brain!and!number!of!post^mitotic!neurons!in!the!anterior!forebrain,!and! of! intertectal! axonal! tracts,! resulting! in!microcephaly,! and! suggested! this! gene! as!major!contributor!in!the!BP2^BP3!CNVs!neurodevelopmental!phenotypes.!KCTD13,#MVP,!and# MAPK3,! three! genes! mapping! within! the! BP4^BP5! locus! and! major! driver! and!modifiers,!respectively,!of!the!head!circumference!phenotype!linked!to!that!region,!and!
LAT! act! in! additive! manner! to! increase! the! severity! of! the! microcephaly! phenotype,!supporting! the! presence! of! genetic! interaction,! in! addition! to! proximity! in! 3D!nuclear!space,!between!these!two!loci.!!Smith^Magenis! syndrome! (SMS)! is! a! developmental! disability/multiple! congenital!anomaly!disorder! resulting! from!deletion! at! 17p11.2! that! includes! the#RAI1! gene! or! a!nucleotide!variant!in!that!gene.#We!investigated!a!cohort!of!15!individuals!with!a!clinical!suspicion! of! SMS,! who! showed! negative! deletion! and! mutational! analysis! in! RAI1.!Potentially!deleterious!variants!were! identified! in!eight!of! these!subjects!using!WES!in!




&La!variation!du!nombre!de!copies!(en!anglais,!Copy!Number!Variation,!CNV)!est!un!des!contributeurs!principaux!à! la!pathogenèse!des!syndromes!génétiques!rares,!mais!aussi!des!maladies!multifactorielles!fréquentes.!Sur!le!bras!court!du!chromosome!16,!les!CNVs!de!la!région!distale!BP2^BP3!de!longueur!220!kb!conduisent!à!un!effet!miroir!entre!sous^poids! et! obésité! sévère,! et! micro^! et! macrocéphalies,! et! ils! sont! aussi! associés! avec!l'autisme! et! la! schizophrénie.! Des! phénotypes! similaires! ont! été! observés!précédemment! sur! la! même! bande! chromosomique! (16p11.2)! pour! des! délétions! et!duplications!proximales!dans!la!région!BP4^BP5!(600!kb).!Ces!régions!BP2^BP3!et!BP4^BP5! présentent! des! contacts! chromatiniens! réciproques,! confirmés! avec! succès! par!différentes! techniques! (4C^seq,!FISH,! co^régulation!dans! l’expression!des!gènes,! et!des!données!Hi^C).! Elles! décrivent! aussi! des! interactions! au! niveau! de! la! chromatine! avec!d’autres! loci! liés! à! l'autisme! et/ou! aux! phénotypes! miroir! de! l'IMC! (Indice! de! Masse!Corporelle)!et!de!la!circonférence!de!la!tête,!par!exemple!avec!la!bande!chromosomique!2p15.!La!modélisation!de! la!duplication!de! la! région!BP2^BP3!dans! le!poisson^zèbre!a!révélé! que! la! surexpression! du! gene!LAT! (en! anglais,! Linker! for! Activation! of! T^cells)!diminue! la! prolifération! des! cellules! dans! le! cerveau! et! des! neurones! post^mitotiques!dans!le!cerveau!antérieur!et!le!nombre!des!axones!entre!les!tecta!optiques,!au!début!du!développement! embryonaire.! Dans! les! stades! suivants! du! développement,! nous!observons!une!microcéphalie!des!poissons.!Tous!ces!éléments!indiquent!que!ce!gène!est!le! contributeur! essentiel! des! phénotypes! neuro^développementaux! des! CNVs! de! la!région! BP2^BP3.!KCTD13,!MVP! et!MAPK3! sont! situés! dans! la! région! BP4^BP5! et,! sont,!respectivement,!un!gène!principal!et!deux!gènes!modificateurs!des!anomalies!de!la!taille!de! la! tête! liée!à! cette! région.!Ces! trois!gènes!et!LAT! augmentent!ensemble!de!manière!additive! la!gravité!de! la!microcéphalie,!en!soutenant! la!présence!d'une!interaction,!pas!seulement!dans!l'espace!3D!nucléaire,!mais!aussi!génétique!entre!les!deux!loci.!!Le! syndrome! de! Smith^Magenis! (SMS)! se! caractérise! par! un! retard! mental,! des!dysmorphies,! des! troubles! du! comportement! et! du! sommeil! très! sévères,! dues! à! une!microdélétion!dans!la!bande!17p11.2!du!chromosome!17,!qui!comprend!le!gène!RAI1!ou!une!mutation!de!ce!gène.!Nous!avons!étudié!une!cohorte!de!quinze!personnes!avec!un!diagnostic! de! SMS,! mais! n’ayant! pas! de! délétion! ou! mutation! du! gène! RAI1.! Par! le!
séquençage#de#l'exome,!des!mutations!potentiellement!délétères!ont!été!identifiées!chez!huit!de!ces!sujets!dans!les!gènes!KMT2D,#ZEB2,#MAP2K2,#GLDC,#CASK,#MECP2,#KDM5C!et!










CNVs&and&complexity&of&genetic&disorders&With! the!advent!of!new! technologies! for!analyzing! the!genome,!our!view!of! its!dynamic!structure!has!changed.!The!human!genome!contains!a!diverse!array!of!genomic! variants,! including! single! nucleotide! polymorphisms! (SNPs),! length!polymorphisms! of! microsatellite! sequences,! and! several! types! of! structural!variations! (SVs)1.! SVs! comprise! dosage^altering! variations,! such! as! insertions!and! deletions,! and! dosage^invariant! rearrangements,! such! as! inversions! and!translocations.!In!recent!years,!the!discovery!of!copy!number!variations!(CNVs)!have! been! accelerated! by! the! introduction! of! single! nucleotide! polymorphism!(SNP)! genotyping! arrays! and! array! comparative! genomic! hybridization! (array^CGH)! in! both! research! and! diagnostic! settings,! and! even! further! by! the! recent!advances!in!exome!and!genome!sequencing!analysis2,!3,!revealing!such!events!to!be!extremely!abundant!in!genomes4.!The!traditional!definition!of!CNVs!is!of!DNA!segments! which! are! greater! than! 1! kb! in! length! and! which! are! present! at! a!variable!copy!number!(gain!and!losses!of!DNA)!across!individuals,!while!smaller!(<1 kb)! insertions! or! deletions! are! referred! to! as! indels5.! Their! size! range! can!vary!from!kilobases!to!several!megabase6,!which!makes!them!not!identifiable!by!conventional! chromosomal! banding.! Several! studies! have! revealed! important!information! regarding! the! size! and! frequency! of! CNVs! in! normal! general!populations7^9.! Approximately! 65–80%! of! normal! individuals! carry! a! CNV! less!than! 100! kb! in! size,! 5–10%! carry! a! CNV! less! than! 500! kb! in! size! and! 1%! of!individuals!carry!a!CNV!at!least!1Mb!in!size.!The!current!version!of!the!Database!of! Genomic! Variants! (DGV)! includes! about! 7! millions! entries! and! overlaps!94.47%! of! transcripts6,! 10,! 11! (http://dgv.tcag.ca/dgv/app/home).! A! large!proportion!of!CNVs! is!polymorphic! (copy!number!polymorphism,!CNPs)! in! the!population!and! considered!as! a!potential! source!of! inter^individual!phenotypic!variance12^14.! CNPs! can! encompass! genes,! especially! those! of! the! immune! and!environmental! response! pathways,! which! suggests! that! CNPs! likely! play! an!important! role! in! local! adaptive! selection! in! human! populations! with! large!differences! in! frequency! between! populations15.! The! same! molecular!mechanisms!that!cause!rare!pathogenic!CNVs!are!likely!to!also!cause!CNPs.!
! 9!





Figure& 1.&& Schematic& representation& of& low]copy& repeat/nonallelic&
homologous& recombination& (LCR/NAHR)]based& mechanisms& for& genomic&
rearrangements.& Chromosomes! are! shown! in! black,! with! the! centromere!depicted! by! hashed! lines.! Yellow! arrows! depict! LCRs.! The! figure! depicts! LCRs!arranged! horizontally! according! to! orientation! and! structure! (direct,! inverted,!complex).! The! chromosome! rearrangements! and! predicted! products! of!recombination! are! listed! vertically! by! mechanisms! (interchromosomal;!intrachromosomal;!and! intrachromatid).! Interchromosomal!misalignment! leads!to! deletion/duplication! (directly! oriented! LCRs)! (A)! and! inversion! (inverted!repeats)! (B).! Intrachromatid! loop! of! inverted! repeats! results! in! inversion! (F).!Interchromatid!mispairing!of!direct! repeats! results! in!deletion/duplication!(C).!Intrachromatid!misalignment!of!directed!repeats!(E)& results! in!deletion!and!an!acentric! fragment.! Inv! dup! chromosomes! can! be! the! consequence! of!intrachromosomal! (D)& unequal! exchange! between! inverted! LCRs.! Modified!from21.!!!Non^homologous! end! joining! (NHEJ)! is! a! different! recombination^based!mechanism! participating! to! the! formation! of! non^recurrent! genomic!rearrangements.! It! participates! to! the! repair! of! DNA! double! strand! breaks! by!direct! rejoining!of! the!DNA!ends,! a!process! that! can! lead! to!nucleotide! gain!or!loss.! It! doesn’t! rely! on! the! presence! of! low^copy! repeat,! although! particular!features!of!genome!architecture!can!promote!it25.!In!addition!to!these!processes,!complex! non^recurrent! rearrangements! can! be! also! originated! by! DNA!replication!errors,!for!example!by!fork!stalling!and!template!switching!(FoSTeS)!and/or!microhomology^mediated!break!induced!replication!(MMBIR).!When!the!
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DNA!replication!fork!stalls,!the!lagging!strand!can!anneal!to!another!replication!fork!in!physical!proximity,!by!means!of!microhomology!at!the!3′!end,!“priming”!or! reinitiating! DNA! synthesis26,! 27.! The! FoSTeS! mechanism! has! been! further!generalized! in! a! replicative! template^switch! model! based! on! experimental!observations!from!multiple!model!organisms,!the!MMBIR!model27.!!!The!phenotypic!effects!of!CNVs!are!highly!variable!and!depend!on!the!impact!of!the! genomic! rearrangement!on! regulatory! sequences! and!genes!within/nearby!the! locus! of! interest,!which! can! be! affected! in! different!ways,! comprising! gene!dosage,! gene! disruption! and! position! effect.! These! mechanisms! have! been!documented! also! for! apparently! balanced! translocations! and! even! exert! their!effects!when! the! breakpoints!map! as! far! as!∼1.5!Mb! away! either! upstream!or!downstream! from! the! causative! gene5,! 28,! 29.! In! case! of! a! deletion,! the!rearrangement! are! generally! produced! by! gene! imbalance! but! can! also! be! by!unmasking! recessive!mutations!or! functional!polymorphisms!on! the! remaining!allele30.!Furthermore,!the!deletion!of!regulatory!elements!or!the!disruption!of!a!coding! sequence! can! potentially! perturb! transvection,! i.e.! the! communication!between!alleles!on!homologous!chromosomes31.!!!
CNVs&and&intellectual&disability&syndromes&The!term!“neurodevelopmental!disorders”!(NDs)!groups!a!large!subset!of!clinical!entities!encompassing!a!spectrum!of!neurological!and!psychiatric!manifestations!which! arise! upon! disruption! of! brain! development,! from! conception! to! early!adulthood,! including! autism! spectrum! disorders! (ASD),! intellectual! disability!(ID),! communication! disorders,! attention! deficit! and! hyperactivity! disorder!(ADHD),!specific!learning!disorders!and!motor!disorders32.!Schizophrenia!(SCZ)!has!also!been!suggested!to!result!from!neurodevelopmental!abnormalities,!but!it!usually!manifests! only! at! the! adult! stage33.!NDs! are! usually! characterized! by! a!large! overlap! of! symptoms! varying! from! cognitive! impairment,! behavioral!abnormalities,! psychotic! symptoms,! sensory! impairment,! seizures,! neuromotor!dysfunction! and/or! speech! and! language! difficulties34.! The! last! 50! years! have!
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been! incredibly! important! in! the! dissection! of! the! causes! of! neuropsychiatric!disorders,! investigation! of! their! etiology! and! development! of! new! diagnostic!methods35.! Originally,! cytogenetic! analysis! allowed! the! identification! of!chromosomal! abnormalities! in! the! late! 50s36,! whereas! 20! years! later! the!techniques!for!chromosome!banding!were!discovered,!allowing!the!detection!of!a! substantial! number! of! microdeletion,! microduplications! and! translocation!syndromes37^42.!More!recently,!FISH!(fluorescence!in!situ!hybridization)!allowed!the! detection! of! the! gain/loss! of! 1^5Mb! genomic! segments! involved! in! new!recurrent! patterns! of! ID! and! congenital! anomalies43,! but! the! advent! of!comparative! genome! hybridization! (CGH)!was! the! true! catalyst! for! a! series! of!significant! discoveries! in! clinical! cytogenetics44^46.! This! leap! forward! was!followed!by!next!generation!sequencing!(NGS)!using!paired^end!methods,!where!additional!small!variants,!down!to!tens!of!bases,!could!be!also!detected47,!48.!In!a!subset!of!NDs!the!classical!Mendelian!disease!model!where!one!gene!explains!a!given!trait!does!not!provide!an!adequate!fit.!In!fact,!most!of!NDs!are!polygenic!or!multifactorial! and! tend! to! cluster! in! families! because! of! genetic! and!environmental!factors’!influence49.!!!Rare! CNVs! are! involved! in! the! pathogenesis! of! neurodevelopmental! and!neurocognitive!disorders,!such!as!ID,!SCZ!and!ASD.!IDs!is!defined!by!significant!limitations! in! intellectual! functioning!and!adaptive!behavior,!which!starts!early!in! life,!often!before!the!age!of!18,!and! is!diagnosed!when! individuals!score! less!than!70!in!the!IQ!test50.!Several!environmental!factors,!such!as!teratogenic!agents!(for! example,! maternal! alcohol! abuse! during! pregnancy),! infections,! perinatal!hypoxia/birth!complications!and!extreme!malnutrition,!can!be!implicated!in!the!onset!of! ID,!as!well!as!genetic! factors.!Severe! ID! is!mostly!sporadic,!and!can!be!due!to!the!effect!of!dominantly!acting!rare!de#novo!mutations!or!rare!CNVs51^57.!Its! severity! strongly! correlates! with! number! of! genes! affected! by! the! copy!number! variants58.! Milder! forms! can,! instead,! occur! in! families,! with! more!common! and! complex! pattern! of! inheritance.! Chromosomal! abnormalities!account! for! up! to! 15%! of! case59,! 60,! while! de# novo! CNVs! arise! in! ~10%! of!patients43,! 61^63.! Overall,! over! 700! genes! have! currently! been! reported! for!autosomal^dominant,! autosomal^recessive! and! X^linked! (more! than! 100! genes,!
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collectively!explaining!up!to!10%!of!IDs!in!males64)!forms!of!ID50.!The!validation!of!a!candidate! ID!gene!can! take!advantage!of!several!approaches,! including! the!replication! in! unrelated! individuals,! the! assessment! of! the! frequency! of!mutations! in! cases!versus! controls,! the! enrichment!of! gene!mutations!within!a!patients! cohort65,! as! well! as! modelization! with! patient^derived! cells,! animal!models.!The!comparison!of!CNV!morbidity!maps!with!lists!of!candidate!ID!genes!can!also!be!very!powerful!for!validation!purposes66.!!!!Many!studies!have!reported!the!high!co^morbidity!shared!between!ID!and!other!cognitive! impairments,! like! ASD,! SCZ! and! epilepsy67,! suggesting! common!molecular!pathways! impacted!by!these!neurodevelopmental!disorders68,!69.!SCZ!is! a! complex! and! highly! heritable! disorder,! characterized! by! several! signs!clusters! including! positive! symptoms,! negative! symptoms,! cognitive!impairments,!and!affective!dysregulation,!and!resulting! in!substantial!disability!and!10%!risk!of!suicide.!It!can!develop!at!any!age,!but!in!particular!between!the!ages!of!16!and!30,!but!many!of!its!causes!stem!back!to!prenatal!development70.!An! increased!burden!of!rare!mutations!has!been!reported! in!SCZ,!such!as! large!CNVs71^73!and!single^nucleotide!variants!(SNVs)74,!which!often!occur!as!de#novo!mutations75^77.! In!general,!CNVs!tend!to!increase!disease!risk!to!a!much!greater!extent!than!individual!SNPs.!Consistent!with!this!hypothesis,!no! individual!SNV!has! been! robustly! linked! to! SCZ74! yet,! while! 11! large! CNVs! are! strongly!associated72.!About!2.5%!of!patients!versus!0.9%!of!unaffected!controls!carry!a!CNV,! supporting! copy! number! variants! as! a! risk! factor! for! SCZ72,! 78.! ASD! is! a!neurodevelopmental!disorder!defined!by!a!significant! impairment! in!reciprocal!social!interaction,!communication!deficits!and!repetitive!and!restricted!patterns!of! behavior! and! interests.! The! affected! individuals! can! show! very! variable!severity!and!atypical!development,!which!arise!before!the!age!of!3!in!most!of!the!cases.! According! to! estimates! from! U.S.! Centers! for! Disease! Control! and!Prevention!(CDC)79,!ASD!affects!1!in!every!68!children!and!it!is!one!of!the!most!prevalent! childhood!disorders.!The!Diagnostic!and!Statistical!Manual!of!Mental!Disorders! (DSM^5)! defines! the! core! symptoms! of! autism! spectrum! disorder!(ASD)!with! two!categories!of!behavior:! (i)!deficit! in!social! communication;!and!(ii)! stereotyped! behavior.! Autistic! disorder! or! classic! autism,! Asperger's!
! 14!




















1q21! 0.20%! 0.50%! <0.1%! dup! Schizophrenia!(deletion)!5p15.2! 0.10%! –! 0%! del! Novel!region!found!for!ASD!
7q11.23! 0.20%! 0.40%! 0%! dup! Williams–Beuren!syndrome!(deletion)!
15q11^13! 0.10%! 0.30%! 0%! del,!dup!
Prader–Willi!syndrome!(paternal!deletion),!Angelman!syndrome!(maternal!deletion),!ASD!(maternal!duplication)!
15q13! 0.20%! 0.40%! <0.1%! dup! Schizophrenia!(deletion),!bipolar!disorder!(duplication)!
16p11.2& 0.80%! 0.50%! <0.1%! del,!dup!
Schizophrenia!(deletion),!bipolar!disorder,!OCD!(duplication)!
17p11.2& 0.20%! 0.20%! 0%! dup! Smith–Magenis!syndrome!(deletion)!
22q11.2! 0.10%! 0.90%! 0%! del,!dup! DiGeorge!syndrome,!schizophrenia!(deletion)!
!ASD,!autism!spectrum!disorder;!CNV,!copy^number!variation;!OCD,!obsessive–compulsive!disorder.!
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Figure& 2.&Karyogram& for& most& frequent& chromosomal& abnormalities&
associated&with&ASD.&25! loci!are!shown! in! the!karyogram,!represented!as!red!bands.! Notably,! many! loci! are! located! in! telomere! proximal! regions.! Modified!from99.!!!!16p11.2!copy!number!variants!&The!last!15!million!years!of!hominoid!evolution!have!seen!a!rapid!integration!of!segmental!duplications!or!low^copy!repeats!in!two!of!the!most!proximal!bands!of!the! short! arm! of! human! chromosome! 16! (chromosomal! bands! 16p11.2! and!16p12.1)100,! 101,! predisposing! several! loci! to! a! higher! frequency! of! pathogenic!rearrangements! through! Non^Allelic! Homologous! Recombination! during!meiosis102.! Consistently,! different! recurrent! rearrangements! have! been!described!within!this! interval:! i)!the!16p11.2^p12.1!∼8!Mb!(Megabase)!deletion!that!covers!the!entire!region!(chr16:!21.3^29.4!Mb)98,!103^106;!ii)!the!16p12.1!∼520!kb! deletions! and! duplications! encompassing! EEF2K# and! CDR258,! 98;! iii)! the!16p11.2! distal! ∼220! kb! BP2^BP3! deletions! and! duplications;! iv)! the! 16p11.2!
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proximal!∼600!kb!BP4^BP5!deletions!and!duplications,!as!well!as!v)!550!kb!BP1^BP3!and!vi)!1.7!Mb!BP1^!BP5!rearrangements!(iii^vi! in!Figure&3).!The!~600!kb!deletion/duplication!region!at!16p11.2!(29.5!to!30.1Mb)!is!a!typical!example!of!such! novel! genomic! imbalances.! This! region! is! flanked! by! 147! kb! segmental!duplication!with!99.5%!sequence!identity107.!!!!
!!Figure!3.!The!16p11.2!rearrangements.&Five&highly&homologous&blocks&of&low&
copy& repeats& (LCRs)& acting& as& substrates& for& non]allelic& homologous&
recombination&have&been&defined&as&mediators&of&recurrent&and&clinically&
relevant& imbalances& within& the& 16p11.2& chromosomal& band.& These&
‘recombination& hotspots’& from& telomere& to& centromere& are& renamed& as&
breakpoints&BP1&to&BP5.&(A)&16p11.2&BP1]BP5,&BP1]BP3,&BP2]BP3,&BP4]BP5&
rearrangements&are&schematically&pinpointed&with&brown&bars&while&grey&
bars& and& striated& blocks& indicate& intervals& of& recurrent& polymorphisms&
reported& in& the& Database& of& Genomic& Variants&
(http://projects.tcag.ca/variation)& and& common& sequence& stretches,&
respectively.& (B)&Genes&encompassed&by& the&genomic&region&between&BP4&
and& BP5& are& shown.& All& genomic& positions& are& given& according& to& the&
human&genome&build&hg18/NCBI&36.&Modified&from&107.&!The!deletion!of! this! interval,!which!has! a!prevalence!of!~0.05%! in! the! general!population,!has! recently!been! implicated!as!one!of! the!most! significant! genetic!
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risk! factors! for! ASD! in! multiple! cohorts,! among! a! variety! of! other! childhood^onset! neurodevelopmental! and! psychiatric! conditions,! such! as! mental!retardation,! seizure,! language!delay,! and! schizophrenia108.! ASD! is! diagnosed! in!approximately!18%!of!deletion!carriers!and!global! cognition! is!affected,!with!a!shift!of!approximately!2!SDs!in!IQ!without!altering!the!variance107^110.!Pooling!the!data! obtained! from! a! general! population! cohort! with! those! from! the! obesity!cohorts! in! an! overall! case^control! association! analysis,! significant! evidence! for!association! of! the! 16p11.2! deletions!with! obesity! and!morbid! obesity! (43^fold!increased! risk),! often! accompanied! by! hyperphagia,! was! shown111,! 112,! and!significant! increase! in! head! circumference! was! linked! to! the! deletion! of! this!region! as!well108,!113.! The! corresponding! reciprocal! duplication,! recurring!with!~0.04%!prevalence! in! the!general!population! similar! to!what!observed! for! the!deletion,! was! linked! with! schizophrenia! (SCZ),! underweight! (8^fold! increased!risk)! and! microcephaly.! Furthermore,! the! 600! kb! duplication! confers! risk! for!typical!and!atypical!Rolandic!epilepsy,!which!is!the!most! frequent!form!of! focal!epilepsy! in! childhood114.! Other! physiological! abnormalities! associated! with!16p11.2! copy! number! variants! include! motor! hypotonia,! seizures,! feeding!difﬁculty,! immune!deﬁciency,!syringomyelia,!hearing!loss,!and!cardiac!defects88,!108,!112^123.!The! reciprocal! impact! of! the! above^mentioned! 16p11.2! copy! number! variants!suggests!that!severe!obesity!and!being!underweight!could!have!mirror!etiologies,!possibly!through!contrasting!effects!on!energy!balance108.!Of!note,!some!of!these!mirroring! comorbidities! might! be! causally! linked,! as! macrocephaly! was!associated! with! ASD! and! microcephaly! with! SCZ,! driving! the! hypothesis! that!these! syndromic! conditions! may! represent! mirror! states! associated! with!reciprocal! changes! in! copy! number! at! this! locus108,! 113.! Reciprocal! CNVs! at!16p11.2! BP4^BP5! were! recently! associated! with! global! brain! metrics,! using! a!combination!of!molecular,!neuroimaging!and!clinical!approaches.!Specifically!the!copy!number!negatively!correlates!to!the!gray!matter!volume!and!white!matter!tissue! properties! in! cortico^subcortical! regions! implicated! in! reward,! language!and!social!cognition,!resembling!the!well^established!structural!abnormalities!in!ASD!and!SCZ110.!The!largest!effect!was!detected!in!the!thalamus,!with!trends!in!cerebellum! and! hippocampus124.! Through! a! comprehensive! phenotypic!
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characterization!of!the!16p11.2!BP4^BP5!duplication!and!deletion!ascertained!in!US! and! European! cohorts! it!was! possible! to! assess! that! the! frequency! of! ASD,!consistent!with!previous!studies,!is!similar!in!deletion!and!duplication!probands,!suggesting! that! both! CNVs! equally! predispose! to! autism.! The! duplication! is!linked!with!a!form!of!low^functioning!ASD!and!epilepsy!compared!to!the!normal!cognition! range! observed! in! the! deletion! carriers,! which! could! be! due! to! the!presence!of!additional!factors!with!a!negative!effect!on!IQ.!A!large!variance!and!multimodal!distribution!in!FSIQ!are!important!features!of!the!duplication,!while!the!deletion!group!shows!a!consistent!effect!of!the!rearrangement!on!FSIQ!across!carrier!groups!and!a!normal!distribution!consistent!with!what!is!observed!in!the!general! population.! Duplication! and! deletion! carriers! ascertained! for!neurodevelopmental! disorders! were! also! characterized! by! an!overrepresentation!of!males!and!lower!IQ!in!female!participants,!similar!to!ASD!cohorts125.! Concerning! the! obesity/underweight! mirror! phenotype,! young!deletion!carrier!present!altered!satiety!responsiveness,!prior!to!any!diagnosis!of!obesity,! which! results! in! an! increased! responsiveness! to! food,! emotional!overeating,!and!is!later!responsible!of!an!increase!in!the!BMI!z^score126.!Although!it!is!very!clear!that!the!16p11.2!CNVs!confer!a!high!risk!for!neurodevelopmental!disease,!other!factors,!and!in!particular!the!genetic!background,!are!likely!playing!a!role!in!the!determination!of!the!phenotypic!outcome.!Duyzend!and!colleagues!have! reported! a!maternal! parent^of^origin! bias! for! de# novo! 16p11.2! deletions,!possibly!due!to!the!presence!of!a!strong!hotspot!of!female!recombination!within!the!critical!region,!and!the!same!bias!for!secondary!CNVs127.!No!data!at!present!point! towards!particular!candidate!genes! for!obesity!within!the! more! proximal! 600! kb! BP4^BP5! recurrent! rearrangements.! The! locus!contains! 28! “unique”! genes! (SPN,# QPRT,# C16orf54,# ZG16,# KIF22,# MAZ,# PRRT2,#
PAGR1# (aka# C16orf53),# MVP,# CDIPT,# CDIPTVAS,# SEZ6L2,# ASPHD1,# KCTD13,#
TMEM219,# TAOK2,# HIRIP3,# INO80E,# DOC2A,# C16orf92,# FAM57B,# ALDOA,# PPP4C,#
TBX6,# YPEL3,# GDPD3,# MAPK3,! CORO1A)! and! multiple! copies! of! BOLA2/2B,#
SLX1A/1B,#SULT1A3/4,#SMG1P#and!NPIP,!the!majority!of!which!are!expressed!in!the! brain! and! thus! of! potential! functional! relevance! for! normal!neurodevelopment108.!A! three^generation! family!with!ASD!was!reported!with!a!
! 20!
co^segregating!deletion!of!~118!kb,!potentially!refining!the!critical!region!for!the!autism,! with! five! genes! residing! within! this! region,! MVP,! CDIPT1,! SEZ6L2,!
ASPHD1# and! KCTD13128.! Furthermore,! an! atypical! 136! kb! duplication!encompassing! the! QPRT# and! SPN# genes! was! found! in! a! female! with! anorexia!nervosa108.! In! vivo! modeling! of! the! 16p11.2! rearrangements! in! zebrafish!embryos! described! KCTD13# as! the! major! driver! of! the! mirrored! head!circumference! phenotype.! Furthermore,! it! was! shown! that! overexpression! of!
KCTD13#together!with!MVP#or!MAPK3#leads!to!more!profound!changes!in!mean!head! size! compared! to! overexpression! of! KCTD13# alone,! suggesting! that! the!epistatic! effect! of! these! three! genes! is! involved! in! the!microcephaly/macrocephaly! phenotype! of! 600! kb! rearrangement! carriers129.!The! participation! of! KCTD13! to! the! Cul3^RhoA! pathway! in! particular! brain!region,!i.e.!the!layer!4!of!the!inner!cortical!plate,!was!suggested!to!be!important!for!controlling!brain!size.!The!late!mid^fetal!period!of!cortical!development! is!a!crucial! stage! for! the! establishment! of! the! 16p11.2! proteins! connectivity! with!their! partners;! its! dysregulation! at!may!be! a! potential! determinant! of! 16p11.2!CNV! deletion! and! duplication! phenotypes130.! The! T^box! 6! (TBX6)! gene,! a!transcription!factor!involved!in!regulation!of!early!developmental!processes,!was!initially! proposed! to! play! a! role! in! the! congenital! anomalies! among! a! series! of!patients113!and!in!vertebral!malformation!in!mice131,!132.!Recently,!this!hypothesis!has!been!confirmed!by!Wu!and!colleagues’!finding!that!TBX6!null!mutations!and!noncoding! variants! therefore! contribute! substantively! to! the! complex! trait! of!sporadic!congenital!scoliosis133.!!Data! from! three! independently! generated! mouse! models! of! 16p11.2! deletion!syndrome!were! published! in! the! last! years,! by! the!Mills! group! at! Cold! Spring!Harbor!Laboratory134,!by!the!Dolmetsch!group!at!Stanford!University135,!and!by!the! Herault! group! at! IGBMC,! which! also! provided! the! first! model! of!duplication136.! All! deletion! lines! showed! low! body! weight! and! impaired!adipogenesis,!perinatal!mortality,!increased!spontaneous!locomotor!activity!in!a!novel! home! cage! environment! and! hyperactivity,! repetitive! behaviors! and!sporadic!motor!stereotypies.!The!deficits!in!pairwise!discrimination!and!reversal!learning! in! the! touchscreen! task,! well^replicated! novel! object! recognition!
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deficits,! an! object! location!memory! deficit,! and! a! preference! for! social! novelty!deficit! recapitulated! the! cognitive! impairments! displayed! by! the! 16p11.2!deletion! carriers,!with!differences! in! contextual! learning!and!memory!between!the! lines!due! to!genetic!background,!exact!deletion!size,!environmental! factors,!and! differing! testing! procedures134,! 135,! 137.! Neuroanatomical! defects! included!reduced!cortical!thickness,!due!to!possibly!altered!cortical!neurogenesis,!with!a!reduced! numbers! of! Pax6+! progenitor! cells! and! Satb2+! callosal! projection!neurons! in! both! the! Dolmetsch! and! Mills! 16p11.2! +/^! mice134,! 135,! 137.!Interestingly,! the!cortical! thickness! is!decreased! in!human!carriers110!and!mice!harboring!the!heterozygous!deletion,!although!the!syntenic!human!carriers!show!a!consistent!increase!in!overall!brain!volume!and!weight,!which!differs!to!mouse!models!of!the!deletion!exhibiting!smaller!brain!volumes124.!!Intriguingly,!16p11.2!+/^!mice!exhibit!anxiety^like!behavior!and!memory!deficits!similar! to!phenotypes!observed! in! the!ERK1!and!ERK2!null!mice!and! their! the!cortex! shows! strikingly! similar! perturbations! in! cortical! cytoarchitecture! to!those!we!previously!observed!in!mice!with!ERK!deletions138.!Together!with!the!observation!of!altered!levels!of!ERK!signaling!effectors!cyclin!D1!and!p27!(Kip1)!during! mid^neurogenesis,! these! results! support! the! hypothesis! that! the! ERK!dysregulation! might! be! contributing! to! the! developmental! anomalies! and!behavioral!deficits!observed!in!the!16p11.2!deletion!carriers139.!Concerning!the!effects!on!metabolism,!the!duplication!model!allowed!a!better!understanding!of!the! opposite! energy! imbalances! occurring! in! Del/+! and! Dup/+! models! when!challenged!with!high!fat!and!high!sugar!diet136.!The!analysis!of!the!transcriptome!revealed! a! marked! impact! of! the! 16p11.2! gene! expression! perturbations! on!several!pathways!with!neurocognitive!and!metabolic!phenotypes.! Interestingly,!differently! from! the! behavioral,! activity! and! memory! impairments,! which!perfectly! reproduced! the!human!phenotype!of!16p11.2!600kb!rearrangements,!the! mirrored! metabolic! defects! were! replicated! in! mice! with! an! opposite!direction! effect,! i.e.! adult! Del/+! mice! were! lean! in! comparison! to! the! human!obese! phenotype! and! the! Dup/+! mice! were! overweight! in! comparison! to! the!human!underweight!phenotype136.!!
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Less!frequently,!another!locus,!distal!to!the!above^mentioned!CNV!in!the!16p11.2!and!spanning!220!kb!(28.7!Mb! to!28.9!Mb)! (Figure& 3),! can!also!be!affected!by!recurrent! microdeletions! and! microduplications.! The! deletion! of! this! region,!which!is!centered!around!the!SH2B1#gene,!previously!associated!by!GWAS!with!BMI,! serum! leptin! and! body! fat140^142,! was! reported! in! individuals! with!developmental!delay!and!obesity143,!144,!and!also!significantly!linked!with!SCZ!in!a! recent! large^scale! association! study145.! Detailed! data! about! the! phenotypes!associated!with!the!reciprocal!duplication!were!lacking!so!far.!Results!obtained!in! our! lab! confirmed! the! above^mentioned! association! of! the! 220! kb! deletion!with! increased! body! mass! index! (BMI)! as! well! as! with! developmental!delay/intellectual!disability!(DD/ID),!but!also!revealed!a!new!link!with!increased!head!circumference!and!ASD.!The!reciprocal!duplication!was!associated!with!the!mirrored!phenotypes!of!decreased!BMI!and!head!circumference,!and!also!linked!to! DD/ID,! ASD! and! epilepsy! [see! Chapter& 1! of! the! Results! section].! The!observation!that!similar!phenotypic!manifestations!can!be!derived!from!distinct!genomic! imbalances! challenges! our! understanding! of! possible! co^regulation! of!distant! loci.! Furthermore,! the! delineation! of! the! dosage^sensitive! gene(s)!underlying! the! observed! phenotypes! is! hampered! by! the! recurrent!rearrangement^specific! breakpoints! of! the! distal! and! proximal! 16p11.2!deletions/duplications,! preventing! identification! of! the! disease^associated!critical! region.! However,! there! is! mounting! evidence! supporting! a! role! for!haploinsufficiency!of!SH2B1#in!the!obesity!phenotype!of!patients!with!the!220!kb!BP2^BP3! deletion:! it! encodes! an! adaptor! protein! involved! in! the! leptin! and!insulin!signaling;! it! is!a! likely!causal!obesity!gene!from!the!GWAS!studies;!mice!lacking!Sh2B1#are!characterized!by!obesity!and!severe!insulin!resistance142,!146.!!!!!17p11.2!copy!number!variants&Deletion!and!duplication!of! a!3.7Mb!region! in!17p11.2! result! in! two! reciprocal!syndromes,!Smith–Magenis!(SMS;!MIM182290)147!and!Potocki–Lupski!syndrome!(MIM610883)!148.!SMS!is!a!complex!and!rare!neurobehavioral!disorder!with!an!
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estimated! prevalence! of! 1:15,000! to! 1:25,000! live! births.! Characteristic!associated! features! include! craniofacial! features,! DD,! metabolic! problems! and!obesity,! skeletal! anomalies,! moderate! to! profound! ID,! self^injurious! and!stereotypic! behaviors147,!149.! Sleep! disturbances! are! some! of! the!most! peculiar!and!penetrant! observations! in! SMS!patients! and! comprise!difficulties! in! falling!asleep! at! night,! reduced! or! absent! rapid! eye! movement! (REM)! sleep,! early!waking,! frequent! night^time! arousals! for! feeding,! and! daytime! prolonged!napping150^152.! Several! studies! have! indicated! as! the! underlying! cause! of! the!sleep!perturbation!an! inversion! in! the! rhythm!of!melatonin! secretion! from! the!pineal! gland,!which! is! very! high! in! the! daytime! instead! than! during! nighttime,!although!this!is!not!present!in!100%!of!the!patients152,!153.!ASD!features!are!also!displayed,! with! restricted! interest! and! obsessional! thinking154.! Repetitive!behaviors! include! body! squeeze,! licking! and! flipping,! self^hugging,! seeking!constant! attention,! rock,! spin! or! twirl! their! body! and! grind! their! teeth155^158.!Furthermore,! self^injurious,! destructive! and! aggressive! behavior! is! present! in!70^97%!of!patients! and!more!prevalent! in! SMS! than! in!other! ID!with!different!etiologies159.! !Its!manifestations!encompass!polyembolokoilamania!(insertion!of!foreign!objects!into!bodily!orifices),!onychotillomania!(pulling!finger!and!toe!nail!out)!and!other!unusual!behaviors!like!poking!others’!eyes,!forceful!hugging!and!punching!fists!through!walls!and!windows.&As! previously! mentioned,! molecular! cytogenetic! analysis! of! SMS! patients!classically! associated! the! syndrome! with! a! deletion! within! cytoband! 17p11.2!spanning!~3.8Mb!and!encompassing!34!genes,!including!the#RAI1!gene!(90%!of!patients).! About! 7^10%! of! SMS! individuals! carry! a! nucleotide! variant! in!RAI1,!including! insertions! or! deletions! within! its! coding! region! that! result! in!frameshifts,! as! well! as! missense! and! nonsense! mutations147,! 160^163.! RAI1! was!identified! as! a! target! of! retinoic! acid! induction! in! P19! mouse! embryonic!carcinoma!cells164.! Its!subcellular! localization! is! in! the!nucleus,!given! its!role!of!transcriptional!regulator,!with!a!PHD!(plant!homeodomain)!motif;!it!is!expressed!in!migrating! neural! crest! cells,! early! developing! nervous! system! and,! at! lower!levels,!in!adult!brain160,!165.!!
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The! abnormal! functioning! of! RAI1! can! possibly! explain! the! circadian!disturbances!in!SMS,!as!recent!studies!have!shown!that!RAI1!is!a!crucial!player!in!the! transcription! of! circadian! locomotor! output! cycles! kaput! (CLOCK),! a! key!component! of! the! mammalian! circadian! oscillator! that! transcriptionally!regulates! many! critical! circadian! genes,! both! in! the! hypothalamus,! where! the!suprachiasmatic!nucleus!(SCN),!responsible!for!controlling!the!central!circadian!rhythm,! resides,! and! also! within! the! peripheral! circadian! oscillators,! i.e.! liver,!heart!and!kidney166.!!SMS^like!individuals!were!found!to!recurrently!harbor!deletions!of!the!2q37.3!or!2q23.1!cytobands!encompassing!HDAC4!and!MBD5,!respectively167^169.!Similarly,!




Novel&approaches&to&study&CNVs&The! study! of! large! and! complex! copy! number! variants! involved! in!neurodevelopmental! disorders! can! benefit! from! different! kinds! of! approaches.!The!deep!characterization!(including!genetic!and!environmental!aspects)!of:!(A)!large! groups! of! patients! with! a! given! CNV! and! (B)! large! cohorts! of! control!individuals! carrying! the! same! CNV,! can! provide! some! insights! about! the!events/additional! variants/risk! factors! that! can! be! necessary! to! push! the!neuropsychiatric! phenotype! beyond! threshold! of! disease.! The! analysis! of! the!transcriptome!(either!using!lymphoblastoid!cell! lines,! fibroblast!or!postmortem!brain! samples)! is! necessary! to! address! the! impact! of! CNVs! in! dosage^sensitive!genes!and!consequent!affected!pathways,!and!to!infer!the!potential!contribution!in! perturbing! brain! development.! Functional! studies! using! animal! models!and/or,! more! recently,! human! induced! pluripotent! stem! cells! (hiPSCs)! lines!provide! a! deeper! understanding! of! pathogenic!mechanisms! and! are! useful! for!the! development! of! new! therapeutic! strategies.! As! the! Encyclopedia! of! DNA!
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Elements! (ENCODE)!project!moves! forward,! the! investigation!of! the!regulatory!segments!of!the!genome,!including!also!‘non^coding’!elements,!together!with!the!study!of!its!3D!structure!will!provide!additional!information!to!be!integrated!in!these!studies,!in!order!to!assess!their!roles!in!human!biology!and!disease.!!One!of! the!biggest!challenges! in! the!study!of!a!copy!number!variant! is! that! the!affected! genomic! fragment! in! most! cases! encompasses! several! genes,!exacerbating! the! problem! of! assigning! causality! to! one! or! more! specific!transcripts!within!a!CNV.!!Different!models!summarize!the!contribution!of!genes!in!a!rare!CNV!to!a!certain!phenotype(s)4,!171.!In!the!single!gene!model,!one!major!driver!gene!can!be!associated! to! the!phenotype! (Figure& 4);! an!example!of! this!model! is! represented!by!RAI1’s! contribution! to! SMS.!The! simplex! and! complex!cis^epistatic! model! posit! that! one! gene! or! numerous! genes,! respectively,! are!necessary!and! sufficient! to!determine!phenotype,! in! epistasis!with!other!genes!within!the!CNV;!in!the!complex!model!some!of!the!involved!genes!drive!specific!endophenotypes! while! others! trigger! complex! additive! and/or! multiplicative!effects!(Figure&4)4.! In!the!contiguous!gene!model,!each!or!several!genes!within!the!CNV!contribute!independently!to!the!multiple!unrelated!features!that!can!be!displayed!by! the! individuals!carrying! the!CNV.! In!addition,! the!parent^of^origin!model!postulates!a!different!effect!on!the!phenotype,!depending!on!whether!the!disruption!occurs!in!the!gene!derived!from!maternal!or!parental!chromosome171.!!!Animal!models!of!human!diseases!are!important!for!validation!of!pathogenicity,!and! help! to! uncover! the! candidate! gene(s)/genomic! regions! for! a! certain!phenotype,! investigate! the! underlying! biological! and! physiological! mechanism!and!explore!potential!treatments.!Among!the!other!well^established!models!used!for!the!functional!evaluation!of!rare!CNV!disorders,!including!mouse!and!fruit!fly,!zebrafish!has!become!increasingly!attractive!to!study!embryogenesis!and!organ!development,!since!about!70%!of!the!annotated!zebrafish!genes!have!orthologs!in!humans,! and!because!of! its! short!generation! time,! the!ability! to!assess! large!populations,! and! the! transparency! of! the! embryos,! which! makes! their!observation! and!manipulation! extremely! easy172,!173.! In! the! last! few! years,! this!model!has!become!extremely!popular!for!the!study!of!copy!number!variants!and!
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the! functional! assessment! of! the! encompassed! genes.! A! good! example! of!successful! prioritization!of! candidate! genes! is! represented!by!Blaker^Lee’s! and!Golzio’s! studies! of! the! 16p11.2! 600! kb! BP4^BP5! rearrangements129,! 174,! which!allowed,!respectively,! the! identification!of!ALDOA!and#KIF22!as!deletion!dosage!sensors!impacting!brain!and!body!morphology,!and!of!KCTD13,!in!epistasis!with!
MAPK3!and!MVP,!as!major!driver!of!the!head!circumference!phenotype.!!
Chapter& 2!of! the!Result!section!will! focus!on!the! functional!characterization!of!the!16p11.2!220!kb!BP2^BP3!locus!and!encompassed!genes!by!using!zebrafish!as!animal!model.!!!
!
&
Figure&4.&Some&models&to&explain&causality&of&disease&owing&to&rare&CNVs.&The! figure! represents! a! genomic! segment! flanked! by! LCRs! (blue! arrows)! and!encompassing!five!genes!(Gene!A^E).!According!to!the!“single!gene!CNV!model”!a!single! gene! within! the! CNV! is! the! primary! driver! of! the! observed! phenotype,!explaining!100%!of! its! expressivity! and!penetrance;! the! “cis^epistasis”! simplex!and! complex!models,! instead,! allow! the! presence! of! one! or!more!major! driver!genes! contributing! to! the! phenotype(s),! whose! expressivity! and! penetrance! is!modulated!by!one!or!several!modifiers.!Modified!from!4&
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!!!Recent! studies! have! shown! that! a! big! portion! of! the! genome! is,! in! one!way! or!another,! involved! in! gene! regulation175.! Transcription! of! co^regulated! genes!occurs!in!a!context!of!proximal!and!distal!chromatin!looping!interactions,!which!represent! the! basic! organizing! principle! of! the! nuclear! architecture! and! gene!regulation176^178.! On! a! large! scale,! the! organization! of! chromosomes! is! not!random,!but! influenced!by! gene!density! and! transcriptional! status179^181.! It! has!also!been!revealed!that,!even!if! the! interphase!nuclei! the!chromosomes!tend!to!occupy! their! own! distinct! special! territories182,! intermingling! occurs! at! those!regions! where! the! chromosomes! are! in! contact,! creating! the! opportunity! for!likely!functioning!interchromosomal!interactions183.!Many!studies!have!recently!focused! on! the! looping!mechanisms! of! long^range! regulatory! elements,! as! the!shape!of!the!genome!is!described!as!a!network!of!interactions!between!genomic!elements,!which!can!play!an!important!part!in!the!coordination!of!transcription!and!other!DNA^metabolic!processes184^186.!The!hypothesis! is! that!the! looping!of!the! chromatin! fibers! can! bring! genes! in! close! physical! proximity! to! distal!regulatory! elements! (DREs)184,! 187.! Therefore,! looping! is! not! only! due! to! well^established! chromosomal! folding! processes,! but! it! requires! protein^mediated!contacts!between!regulatory!elements!and!gene!promoters.!There! is! increasing!evidence! that! this! spatial! connectivity! between! DREs! and! corresponding!promoters!can!work!over!long!distances187!and!even!on!different!chromosomes!188,! coinciding! with! alterations! in! gene! expression188^191.! For! example,! an!important! limb! enhancer! (ZRS)! of! Sonic!Hedgehog! (SHH)! is! located!more! than!1Mb!away!from!its!transcription!start!site192,!193,!and,!more!generally,!only!7%!of!distal!elements!contact!their!closest!promoter194.!However,!looping!seems!to!be!necessary,!but!not!sufficient!to!drive!expression,!since!most!of!DNA!contacts!are!established!long!before!gene!expression!occurs,!mostly!with!a!non!transcription^dependent!specificity!and!also!in!absence!of!regulatory!elements195,!196.!A!better!understanding!of!these!processes!is!crucial!to!determine!how!gene!expression!is!regulated!and!achieved,!and!whether!structural!perturbations,!like!copy!number!
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variations,! can! produce! a! phenotype! also! because! of! their! impact! on! these!mechanisms.!Microscope^based! approaches! do! not! allow! a! comprehensive! analysis! of! the!organization!of!the!chromosomes!at!kilobase!resolution,!but!this!limitation!was!passed! by! the! development! of! the! Chromosome! Conformation! Capture! (3C)!based!technologies197,!198.!The!rationale!behind!these!approaches! is! that! the!3D!arrangement!of!a!genomic!region,!chromosome!or!whole!genome!can!be!inferred!from! the! determination! of! a! sufficient! number! of! pairwise! interaction!frequencies199.!In!the!3C,!cells!are!fixed!with!formaldehyde,!in!order!to!cross^link!proteins! to! other! proteins! and! to! DNA! segments! that! are! close! in! the! nuclear!space.!The!cross^linked!chromatin!is!then!digested!with!an!excess!of!restriction!enzyme!and!ligated!under!dilute!conditions!that!favor!junctions!between!cross^linked!DNA!fragments,!before!reversal!of!the!crosslinking!and!DNA!purification.!The!detection!of!the!interactions!relies!on!the!use!of!locus^specific!PCR!primers,!for! example! with! a! forward! anchor! primer! in! a! region! of! interest,! such! as! an!enhancer,! and! a! reverse! primer! located! at! any! position! that! it! is! desirable! to!interrogate197.! This! was! originally! done! in! studies! investigating! the! b^globin!locus,!where!the!upstream!LCR!was!shown!to!physically!interact!with!the!active!globin!genes,!thereby!looping!out!the!intervening!30–50!kb!of!chromatin!fiber186.!The!4C!(also!known!as!“circular!3C”!or!“3C^on^chip”)!uses!instead!inverse!PCR!to!generate! genome^wide! interaction! profile! for! a! single! locus200,!201.! 5C! and!Hi^C!methods! are! not! anchored! on! a! single! locus! as! the! first! two;! they! generate!matrices! of! interaction! frequencies! that! can! be! visualized! as! two^dimensional!heat!maps!with!genomic!positions!along!the!two!axes,!providing!“many^to^many”!or! “all^to^all”,! respectively,! genome^wide! interaction! maps179,! 194,! 202.! Hi^C!interaction!maps!are!derived!by!using!a!population!of!cells!and!reflect!average!configuration!of! regulatory! landscapes,!yet! in!agreement!with! the!observations!made! by! single^cell! Hi^C203.! Nevertheless,! predictive! models’! observations!suggest! that! these! data! represent! the! result! of! a! huge! number! of! transient!contacts,!which!are!extremely!variable!across!cells204.!Despite!some!limitations,!Hi^C! data! provided! a! great! amount! of! information! to! describe! the! general!principles!of!spatial!proximity,! the!presence!of!chromosome!territories!and!the!existence! of! suborders! of! chromosome! organization! at! megabase! scale,!
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characterized!by! a! higher! frequency!of! interactions!with! themselves! than!with!the!rest!of!the!genome,!known!as!Topological!Associated!Domains!(TADs)205^207.!The!TADs!are!considered!the!fundamental!structural!unit!of!the!genome;!in!these!domains,! which! are! conserved! across! species,! cell! type! and! tissues,! gene! co^regulation! is! observed206! and! several! genomic! features! are! highly! correlated,!including! chromatin! marks,! DNA! replication! and! lamina^associated! domains!(LADs)205,!207,!208.!!Structural!rearrangements!of!the!genome!have!the!potential!to!disrupt!the!TADs!organization,!for!example!promoting!the!shifting!of!regulatory!elements!between!domains!or!modifying!the!position!of!boundaries,!resulting!in!ectopic!enhancer^promoter! interactions,! gene!misexpression! and!disease209,!210.! This!needs! to!be!taken!into!consideration!when!investigating!copy!number!variants!and!assessing!their!contribution!to!the!disease’s!onset.!!In! the! light! of! growing! evidence! of! the! relevance! of! these! chromatin!substructures!and!regulatory!looping,!Chapter&1&and!3!of!the!Results!section!will!investigate!the!potential!role!of!chromatin!interactions!in!linking!loci!that,!when!rearranged,! associate! with! similar! phenotype! and/or! in! positioning! in! close!physical!proximity!genes!in!the!same!pathway/displaying!similar!functions.!!!!!!!!!!! !
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Copy& number& variants& (CNVs)& are& major& contributors& to& genomic&
imbalances& disorders.& Phenotyping& of& 137& unrelated& deletion& and&
reciprocal& duplication& carriers& of& the& distal& 16p11.2& 220kb& BP2]BP3&
interval& showed& that& these& rearrangements& are& associated& with& autism&
spectrum&disorders&(ASD)&and&mirror&phenotypes&of&obesity/underweight&
and& macro]/microcephaly.& Such& phenotypes& were& previously& associated&
with&rearrangements&of&the&non]overlapping&proximal&16p11.2&600kb&BP4]
BP5& interval.& These& two& CNVs]prone& regions& at& 16p11.2& are& reciprocally&
engaged& in& complex& chromatin& looping,& as& successfully& confirmed& by& 4C]
seq,& FISH& and& Hi]C,& as& well& as& coordinated& expression& and& regulation& of&
encompassed& genes.& We& observed& that& genes& differentially& expressed& in&




We& also& identified& cis]& and& trans]acting& chromatin& contacts& to& other&
genomic& regions& previously& associated& with& analogous& phenotypes.& For&
example,&we&uncovered&that&individuals&with&reciprocal&rearrangements&of&
the& trans]contacted& 2p15& locus& similarly& display& mirror& phenotypes& on&





Introduction&!Long^range! chromatin! contacts! that! bring! genes! and! regulatory! sequences! in!close! proximity! are! necessary! for! co^transcription! of! biologically^related! and!developmentally! co^regulated! genes1,! 2.! Correspondingly,! genomic! structural!changes! were! associated! with! disruption! of! the! organization! of! chromatin!compartments! by! shifting! regulatory! elements! between! domains! and/or!modifying! domain! boundaries,! which! resulted! in! ectopic! interactions,! gene!misexpression! and! disease3,! 4.! In! the! last! 15! million! years! the! 16p11.2–12.2!region! rapidly! integrated! segmental! duplications! contributing! to! profound!modifications! of! these! chromosomal! bands! in! hominoids5,! 6.! It! allowed! the!emergence!of!new! transcripts7! and!placed! the!whole! region!at! risk! for!various!recurrent! rearrangements8^10! through! non^allelic! homologous!recombination11(Figure& 1).! These! rearrangements! include! a! recurrent!interstitial! deletion! of! ~600kb! defined! by! 16p11.2! breakpoints! 4^5! (BP4^BP5;!OMIM#611913),! which! encompasses! 28! “unique”! genes! and! four! genes! with!multiple! copies12(Figure& 1).! With! a! population! prevalence! of! ~0.05%! this!variant!is!one!of!the!most!frequent!known!etiologies!of!autism!spectrum!disorder!(ASD)9,!13^15.!It!impacts!adaptive!behavior!and!language!skills!and!predisposes!to!a!highly!penetrant!form!of!obesity!and!macrocephaly15^19.!A!mirror!phenotype!is!observed!in!carriers!of!the!reciprocal!duplication!(OMIM#614671),!who!present!a! high! risk! of! schizophrenia! (SCZ),! Rolandic! epilepsy,! being! underweight! and!microcephalic18^22.! Case! series! have! reported! variable! expressivity;! systematic!phenotyping! showed! that! deletion! and! duplication! lead! to! an! average! IQ!decrease! of! 26! and! 16! points! in! proband! compared! to! non^carrier! family!members15,! 23.! Correspondingly,! the! phenotypes! of! carriers! identified! in!unselected! populations! are! reminiscent! of! those! described! for! carriers! of!16p11.2! rearrangements! ascertained! in! clinical! cohorts.! 24.! Deletions! and!duplications! show! a! mirroring! impact! on! brain! volume! and! specific! cortico^striatal!structures!implicated!in!reward,!language!and!social!cognition25.!Changes!in!copy!numbers!of!this!interval!are!associated!with!significant!modifications!of!the!mRNA!levels!of!ciliopathy!and!ASD^associated!genes!in!humans!and!mice12,!26.!
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Correspondingly,! mouse! models! engineered! to! have! three! copies! of! the! 7qF3!orthologous!region!showed!reduced!cilia!length!in!the!CA1!hippocampal!region,!whereas! modulation! of! the! expression! of! ciliopathy^associated! genes! rescued!phenotypes! induced! by! KCTD13# (MIM#608947)! under^! and! overexpression12,#one! of! the! key! drivers! of! the! 16p11.2! 600kb! BP4^BP5! CNV! genomic^interval!associated! traits27.! Distal! to! BP4^BP5,! the! deletion! of! 16p11.2! 220kb! BP2^BP3!interval! was! similarly! associated! with! obesity,! developmental! delay! (DD),!intellectual! disability! (ID)! and! SCZ! 16,! 28^35.! However,! detailed! data! about! the!phenotypes!associated!with!the!reciprocal!duplication!are!still!lacking.!!We!hypothesized!that!copy!number!modification!of!the!16p11.2!600kb!BP4^BP5!interval! alters! the! three! dimensional! positioning! of! these! genes! resulting! in!expression!alterations!of!pathways!involved!in!its!phenotypic!manifestation.!We!used! chromatin! conformation! capture! to! explore! the! chromosome^wide!effects!of! the! 16p11.2! 600kb! BP4^BP5! structural! rearrangements! on! chromatin!structure! and! assessed! how! these! underlay! the! associated! phenotypes.! This!region! engages! in! multi^gene! complex! structures! that! are! disrupted! when! its!copy!number!changes.!The!implicated!genes!are!known!to!be!linked!to!16p11.2^associated! phenotypes,! such! as! primary! cilium! alteration,! energy! imbalance,!head!circumference!(HC)!and!ASD.!We!also!demonstrate!that!our!approach!could!be!used! to! identify! additional! loci,!whose! copy!number! changes!are!associated!with!strikingly!similar!phenotypic!manifestations.!!
Materials&and&Methods&Recruitment!and!phenotyping!of!patients&The! institutional! review! board! of! the! University! of! Lausanne,! Switzerland!approved! this! study.! Participants! were! enrolled! in! the! study! after! signing! an!informed! consent! form! and! being! clinically! assessed! by! their! respective!physicians.! For! the! data! collected! through! questionnaires,! information! was!gathered! retrospectively! and! anonymously! by! physicians! who! had! ordered!chromosomal! microarray! analyses! performed! for! clinical! purposes! only.!
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Consequently,! research^based! informed! consent! was! not! required! by! the!institutional! review! board! of! the! University! of! Lausanne,! which! granted! an!exemption!for!this!part!of!the!data!collection.!Overall!cognitive!functioning!was!assessed!as!published15.!!!To! better! assess! the! phenotypic! features! associated! with! the! 16p11.2! 220kb!BP2^BP3!rearrangements,!we!recruited!and!phenotyped!110!and!57!carriers!of!the!220kb!BP2^BP3!deletion! (OMIM#613444)! and!duplication! from!88! and!49!families,! respectively! (Table& S1).! Whereas! these! structural! variants! were!previously!reported!to!be!among!the!CNVs!most!frequently!harboring!a!possibly!deleterious!second!genetic!lesion!(29%!and!13%!of!the!time,!respectively)32,!we!do! not! confirm! such! propensity.! Indeed,! second^site! structural! variants! were!identified!in!“only”!7%!(6/88)!and!4%!(2/49)!of!the!enrolled!BP2^BP3!deletion!and! duplication! carrier! probands,! respectively.! Deleterious! CNVs!were! defined!as:! !i)! known! recurrent! genomic! disorder,! ii)! CNV! encompassing! published!critical! genomic! region! or! disrupting! a! gene! that! is! a! known! etiology! of!neurodevelopmental!disorders!or!iii)!>500kb!CNV!with!AF<0.001.!We!compared!available!data!on!weight,!height,!BMI!(Body!Mass! Index)!and!HC! for!77!and!39!unrelated! deletion! and! duplication! carriers,! respectively! (including! published!cases).!The!mean!age!of!this!group!of!patients!was!16!years!(range!0.42^78!years,!with!34!cases!older!than!18!years).!The!prevalence!of!the!16p11.2!deletion!and!duplication!were! inferred! from! six! European! population^based! GWAS! cohorts,!sets! of! chromosomal! microarray^genotyped! control! individuals! and! clinical!cohorts9,!30,!33,!35^39.!CNV!analyses!were!carried!out!as!described!in18.!!We! similarly! enrolled! 26! and! 9! unrelated! carriers! of! 2p15! deletions! and!duplications,! including!12!deletion!cases!from!the!literature!40^49.!The!Signature!Genomics!cases!were!recently!described! in! 50.!Patients!were! identified! through!routine! etiological! work^ups! of! patients! ascertained! for! developmental!delay/intellectual! disability! in! cytogenetic! centers.! The! coordinates! of! the!
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rearrangements’! breakpoints! (Table& S2)& were! recognized! by! different!chromosomal!microarray!platforms.!!Lymphoblastoid!cell!lines!and!transcriptome!profiling&We!had!previously!established!by!EBV!transformation!LCLs!from!16p11.2!BP4^BP5!patients,!as!well!as!controls.!The!LCL! transcriptome!of!50!deletion!and!31!duplication! carriers,! as! well! as! 17! control! individuals! was! previously! profiled!with! Affymetrix! GeneChips! Human! Genome! U133+! PM! 24! array! plates.! The!results! are! deposited! in! the! NCBI! Gene! Expression! Omnibus! under! accession!number!GSE57802.!The!Robust!Multi^array!Average!(RMA)!approach!was!used!for! the! creation! and! normalization! of! the! summarized! probe! set! signals.! We!applied! a! non^specific! filter! to! discard!probe! sets!with! low!variability! and! low!signal,!i.e.!detectable!expression!levels.!Specifically,!probe!sets!with!both!i)!signal!SD!>!median!of!signal!SD!of!all!probe!sets,!and!ii)!larger!signal!>!median!of!larger!signal!of!all!probe!sets,!were!retained!as!described!in!12.!This!selection!yielded!a!total!of!23,602!probe!sets.!To!reduce!a!potential!bias!toward!genes!with!multiple!probe!sets,!for!the!modular!analysis,!only!one!probe!set!with!the!highest!variance!per!gene!was!kept,!for!a!total!of!15,112!probe!sets.!Using!a!dosage!effect!model!and! moderated! t^statistics,! we! identified! 1,188! and! 2,209! significantly!differentially! expressed! genes! (FDR! ≤! 1%! and! 5%,! respectively;! uniquely!mapping! probes)12.! We! used! Geneprof! to! access! data! pertaining! to! gene!expression!and!co^regulation.!!We!are!well!aware!of!the!limitations!of!the!study!of!LCLs,!for!instance!for!genes!whose! expression! specificity! resides! in! other! cell! lineages.! These! experiments!are! nevertheless! worth! pursuing! simply! because! i)! the! primary! human! target!tissues!remain!often!beyond!reach;!ii)!we!cannot!exclude!a!broad!to!ubiquitous!expression! pattern! and! chromatin! contacts! for! the! genes! involved! in! these!disease!processes;!and!iii)!the!pattern!of!expressions!in!peripheral!tissue!may!be!used!as!a!biomarker!in!translational!project.!Similar!limitations!apply!to!the!use!
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of!embryonic!stem!cells^derived!material,!while!animal! tissues!have!a!different!set!of!shortcomings.!!Quantitative!RT^PCR&For! qPCR,! 100! ng! of! high^quality! total! RNA! was! converted! to! cDNA! using!Superscript! VILO! (Invitrogen,! Carlsbad,! CA,! USA)! according! to! the!manufacturer’s! protocol.! Primers! were! designed! using! PrimerExpress! 2.0!software! (Applied! Biosystems,! Foster! City,! CA,! USA),! with! default! parameters!except!for!the!primer^!and!minimal!amplicon!lengths,!which!were!set!at!17^26!bp!and!60!bp!respectively.!The!amplification!factor!of!each!primer!pair!was!tested!using!a!cDNA!dilution!series!and!only!assays!with!amplification!factors!between!1.75! and! 2.00! were! retained.! A! representative! set! of! samples! was! tested! for!genomic! contamination.! qPCR! experiments! were! performed! in! triplicate! using!SYBR^Green!(Roche,!Basel,!Switzerland)!as!reporter.!The!reaction!mixtures!were!prepared! in! 384^well! plates! using! a! Freedom! Evo! robot! (Tecan,! Männedorf,!Switzerland)! and! run! in! an! ABI! 7900HT! sequence! detection! system! (Applied!Biosystems,! Foster! City,! CA,! USA)! using! the! following! conditions:! 50°C! for! 2!minutes,!95°C!for!10!minutes,!followed!by!45!cycles!of!95°C!for!15!seconds!and!then! 60°C! for! 1! minute,! after! which! dissociation! curves! were! established.!Applicable! normalization! genes! were! included! in! each! experiment! to! enable!compensation! for! fluctuations! in!expression! levels!between!experiments.!Using!SDS!v2.4!software!(Applied!Biosystems,!Foster!City,!CA,!USA)!the!threshold!and!baseline!values!were!adjusted!when!necessary!to!obtain!raw!cycle!threshold!(Ct)!values.! The! Ct! values! were! further! analysed! using! qBase! plus! software!(Biogazelle,! Zwijnaarde,! Belgium),! which! calculates! relative! expression! values!per! sample! per! tested! gene! upon! designation! of! the! normalization! genes! and!corrects!for!the!amplification!efficiency!of!the!performed!assay.!We!assessed!by!qPCR! the! RNA! levels! of! seven! DE! genes! belonging! to! the! ciliopathy! or! PTEN!pathway! (BBS4# (MIM#600374),# BBS7# (MIM#607590),# BBS10# (MIM#610148),#
XPOT# (MIM#603180),# NUP58# (MIM#607615),# PTPN11# (MIM#176876)# and!
SMAD2#(MIM#601366)),#and!five!others!that!map!either!to!the!BP4^BP5!(ALDOA#(MIM#103850),! KCTD13,# MAPK3! (MIM#601795)! and!MVP# (MIM#605088))! or!
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the!BP2^BP3!interval!(SH2B1#(MIM#608937))!in!LCLs!from!eight!carriers!of!the!220kb!BP2^BP3!deletion,! eight! carriers! of! the!600kb!BP4^BP5!deletion! and!10!control! individuals.! In! particular! we! identified! a! significant! diminution! of! the!hemizygote! gene!SH2B1! but! not! of! the!neighboring!normal^copy!KCTD13,!MVP!and!MAPK3#in!BP2^BP3!deletion!carriers.!
#Viewpoint!selection&We!used!an!adaptation!of! the!4C!method51^53,! the!high^resolution!Chromosome!Conformation! Capture! Sequencing! technology! (4C^seq)54! to! identify!chromosomal! regions! that! physically! associate! with! the! promoters! of! MVP,#
KCTD13,#ALDOA,#TBX6!(MIM#602427)!and!MAPK3,!five!of!the!28!“unique”!genes!of! the! BP4^BP5! interval! selected! according! to! their! potential! role! in! the!described!phenotype.!Reduction!by!∼50%!of! the!RNA! levels! of! the!ortholog!of!
ALDOA! (Aldolase! A)# was! associated! with! a! change! in! brain! morphology! in!zebrafish,! suggesting! that! this! gene! is! dosage! sensitive55.! In! human,! recessive!
ALDOA# deficiency! is! associated! with! glycogen! storage! disease! XII!(OMIM#611881)56.!Morpholino^driven! reduction! of! the! expression! level! of! the!
KCTD13! (Potassium! Channel! Tetramerisation! Domain! containing! protein! 13)!ortholog!resulted!in!macrocephaly!in!zebrafish,!while!its!depletion!in!the!brain!of!mouse! embryos! resulted! in! an! increase! of! proliferating! cells.! The! mirroring!microcephaly! was! seen! upon! overexpression! of! human! KCTD13! cDNA! in!zebrafish! embryos’! heads,! a! phenotype! further! amplified! upon! concomitant!overexpression! of! either!MAPK3! (Mitogen^Activated! Protein! Kinase! 3)& or!MVP!(Major!Vault!Protein)27.!TBX6!(T^Box!Transcription!Factor!6)!is!a!candidate!gene!for!the!vertebral!malformations!observed!in!some!deletion!carriers!since!i)!mice!homozygous!for!a!Tbx6!mutation!showed!rib!and!vertebral!body!anomalies57;!ii)!
TBX6! polymorphisms! were! associated! with! congenital! scoliosis! in! the! Han!population58;! iii)! a! stoploss! variant! in! TBX6! segregates! with! congenital! spinal!defects! in! a! three^generation! family59! (OMIM#122600);! and! iv)! carriers! of!16p11.2! 600kb! BP4^BP5! deletions! and! a! common! hypomorphic! TBX6# allele!suggest!a!compound!inheritance!in!congenital!scoliosis60.!TBX6!was!selected!as!a!viewpoint!even!though!this!gene!is!not!expressed!in!LCLs!(or!only!at!extremely!
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low! level),!as!studies!have!shown!that! the!contacted!domains!are!stable!across!cell!lines!and!tissues!regardless!of!expression!status!3.!Within!the!group!of!genes!chromatin^contacted!by!the!above!viewpoints!we!selected!two!more!viewpoints!within! the! 16p11.2! 220kb! BP2^BP3! region! (Figure& 1),! i.e.! the! promoters! of!
SH2B1!and!LAT.!The!SH2B1!gene!was!suggested!to!be!a!crucial!candidate!for!the!obesity!phenotype!associated!with!this!genomic!interval16,!28!as!it!encodes!a!Src!homology!adaptor!protein!involved!in!leptin!and!insulin!signaling61,!62.!Common!variants! in! this! locus! were! repeatedly! associated! with! BMI,! serum! leptin! and!body! fat! in! genome^wide! association! studies! (GWAS)63^66,!while! rare!dominant!mutations!were! reported! to! cause!obesity,! social! isolation,! aggressive!behavior!and! speech! and! language!delay67.! In! a! recent! large^scale! association! study,! the!deletion!was!also!significantly!linked!with!SCZ35.!The#LAT!(linker!for!activation!of!T!cells)!adaptor!molecule!participates!in!AKT!activation!and!plays!an!important!role!in!the!regulation!of!lymphocyte!maturation,!activation!and!differentiation68,!69.!Its!inactivation!could!be!circumvented!by!Ras/MAPK!constitutive!activation70.!!4C^seq&4C!libraries!were!prepared!from!LCLs!of!two!control!individuals!and!two!carriers!each! of! the! 16p11.2! BP4^BP5! deletion! and! duplication,! sex^! and! age^matched!(Table&S3).!Briefly,!LCLs!were!grown!at!37°C.!5x107!exponentially!growing!cells!were! harvested! and! crosslinked! with! 1%! formaldehyde,! lysed! and! cut! with!DpnII,! a! 4^cutter! restriction! enzyme! that! allows! higher! resolution53.! After!ligation! and! reversal! of! the! crosslinks,! the! DNA!was! purified! to! obtain! the! 3C!library.! This! 3C! library! was! further! digested! with! NlaIII! and! circularized! to!obtain!a!4C!library.!The!inverse!PCR!primers!to!amplify!4C^seq!templates!were!designed! to! contain! Illumina! adaptor! tails,! sample! barcodes! and! viewpoint^specific! sequences.! Viewpoints! were! selected! at! the! closest! suitable! DpnII!fragment! relative! to! the! transcriptional! start! sites! of! the! targeted! genes.! The!sequence!of!the!4C^seq!primers! is!reported!in!Table& S4.!For!all!viewpoints,!we!amplified!at!least!1.6!µg!of!4C!template!(using!about!100!ng!of!4C!template!per!inverse!PCR!reaction,!for!a!total!number!of!16!PCRs).!We!multiplexed!the!4C^seq!templates! in! equimolar! ratios! and! analyzed! them! on! a! 100^bp! single^end!
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Illumina!HiSeq! flow!cell.!The!numbers!of! raw,!excluded,! and!mapped!reads! for!each!viewpoint!and!LCL!sample!are!detailed!in!Table&S5.&!4C^seq!data!analysis&4C^seq! data! were! analyzed! as! described! in53,! 54! through! the! 4C^seq! pipeline!available! at! http://htsstation.epfl.ch/)71! and! visualized! with! gFeatBrowser.!Briefly,! the! multiplexed! samples! were! separated,! undigested! and! self^ligated!reads!removed.!Remaining!reads!were!aligned!and!translated!to!a!virtual!library!of! DpnII! fragments.! Read! counts!were! then! normalized! to! the! total! number! of!reads! and! replicates! combined! by! averaging! the! resulting! signal! densities!(Figure& S1).!The! local! correlation!between! the!profiles!of! the! two!samples!per!viewpoint!was!calculated!(0.46≤r2≤0.74!for!controls,!0.29≤r2≤0.67!for!deletions!and! 0.22≤r2≤0.61! for! the! duplications).! The! combined! profiles! were! then!smoothed!with!a!window!size!of!29!fragments.!The!region!directly!surrounding!the! viewpoint! is! usually! highly! enriched! and! can! show! considerable!experimental!variation,!thereby!influencing!overall!fragment!count.!To!minimize!these! effects,! the! viewpoint! itself! and! the! directly! neighboring! ‘undigested’!fragment!were! excluded! during! the! procedure.! In! addition! to! this! filtering,!we!modeled!the!data!to!apply!a!profile!correction!similar!to!the!one!described!in72!using! a! fit!with! a! slope! ^1! in! a! log^log! scale73.! Significantly! interacting! regions!were!detected!by!applying!a!domainogram!analysis!as!described!74.!We!selected!BRICKS!(Blocks!of!Regulators!In!Chromosomal!Kontext)!with!a!p^value!threshold!smaller! than! 0.01! for! both! “cis”! and! “trans”! interactions.! To! determine!differentially! interacting!regions!between!the!16p11.2!600kb!BP4^BP5!deletion!(Del),! duplication! (Dup)! and! control! (Ctrl),!we! considered! all! non^null! BRICKS!found! by! a! domainogram! analysis74! in! either! condition! and! quantified! both!signals! in! each! BRICK.! The! resulting! table! was! scaled! to! the! sample! with! the!largest! IQR! and! the! difference! of! signals!was! compared! to! random! in! order! to!associate!a!p^value!(FDR)! to!each!BRICK.!Finally,!only!BRICKS!with!a!p^value!<!0.01!were!considered.!!
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All!the!viewpoints!mapping!on!the!BP4^BP5!interval,!except!KCTD13,!contact!the!146!and!147kb!long!Low!Copy!Repeats!(LCR)!that!flank!the!16p11!600kb!BP4^BP5! rearrangements.! To! unravel! whether! the! signal! was! reflecting! the!interaction!with!the!centromeric,!the!telomeric!or!both!LCRs!and!given!the!high!similarity! (99.5%! identity)! of! the! two! blocks,! we! separately! treated! the! reads!mapping! within! these! regions! (chr16:29460515^29606852! and!chr16:30199854^30346868! according! to! GRCh! 37/hg19! assembly,! February!2009)!using!different! and!more! stringent! criteria,! i.e.! no!mismatch! and!unique!site!mapping.!All!values!were!normalized!to!the!total!number!of!reads!mapping!to! the!2! regions! (per! thousands!of! reads).!We!observed!a!higher!proportion!of!contacts!occurring!with!the!centromeric!segmental!duplication!compared!to!the!telomeric! one!for!MAPK3! and!TBX6,! while! the! trend!was! reversed! for!MVP,! in!agreement! with! their! proximity! to! the! centromeric! and! telomeric! LCR! blocks,!respectively.!No!conclusive!results!were!obtained!for!ALDOA.!!Hi^C!data!&Hi^C!matrices!from!75!were!prepared!by!first!applying!a!KR!normalization!to!the!5kb! and! 100kb! resolution! observed! matrices,! and! then! by! dividing! each!normalized! score! by! the! expected! one! extracted! from! the!KR! expected! file! (as!described! in! section! II.c!of! the!Extended!Experimental!Procedures!of! reference!75).! KR! Expected! values! less! than! 1! were! set! to! 1! to! avoid! long^distance!interaction!biases.!!Enrichment!analyses&Gene!annotation!was!obtained!through!BioScript!(http://gdv.epfl.ch/bs).!Protein!interaction!networks!for!the!genes!selected!by!BRICKS!calling!and!from!the!list!of!interacting! regions! affected! by! the! rearrangements! were! determined! using!STRING! (Search! Tool! for! the! Retrieval! of! Interacting! Genes/Proteins)! v9.1!(http://string^db.org/)76.! We! exploited! Bioscript! for! Gene! Ontology! analysis!(topGO)!(http://gdv.epfl.ch/bs),!DAVID!GO!and!KEGG,!OMIM!Disease!and!KEGG!coupled!with!Enrichr!to!assess! if! the!chromatin^contacted!genes!were!enriched!
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in! specific! pathways! and! genes! associated! with! Mendelian! diseases77^80!(http://www.omim.org/downloads).! The! OMIM! gene^set! library! was! obtained!directly!from!the!NCBI’s!OMIM!Morbid!Map81.!We!exploited!the!SFARI!Gene!lists!and! scores! (https://sfari.org/;! March! 2014! release),! the! union! of! the! genes!cataloged!in82^84!and!the!GWAS!hits!for!BMI85!to!assess!enrichment!for!ASD,!SCZ!and! BMI! genes,! respectively.!We! also! used! the! de#novo! “high! confidence”! ASD!targets! (selected! with! FDR<0.1! in! 86! and! likely! gene! disrupting! recurrent!mutations! target! genes! in! 87)! to! assess! enrichment! of! ASD^associated! genes.!Ciliary! genes! enrichment! was! computed! merging! the! SYSCILIA! gold! standard!(SCGS)! and! potential! ciliary! gene! lists! (genes! with! no! additional! evidence! for!ciliary! function!were! excluded)88.!We! used! Enrichr! Chromosome! Location! tool!and!BRICKS!count!in!different!window!sizes!(5Mb,!1Mb!and!500kb)!to!determine!whether! any! cytogenetic! band! other! than! 16p11.2! was! enriched! for! BRICKS.!Other! than!16p11.2,!we! identified! enrichments! at! 16p12,! 16p13,! 16q13,! 1p36,!11q13,! 16q22,! 7q31,! 15q15! and! 1q32! cytobands.! As! a! large! proportion! of! the!16p12.2!BRICKS!map!to!segmental!duplications!that!are!highly!similar!to!the!LCR!flanking! the! 16p11!600kb!BP4^BP5! rearrangements!we! conservatively! did! not!consider!this!region.!!!All! seven! tested! viewpoints! showed! enrichment! for! contacts! with! loci! that!encode! proteins! that! interact! together! (all! p<0.01).! A! single! process,! focal!adhesion!assembly,!was!shared!between!the!BP2^BP3!and!the!BP4^BP5!groups!of!viewpoints! (GO:0048041,! p=6.02e^03! for! the!BP2^BP3! group! and!P=1.12e^03!for!the! BP4^BP5).! Focal! adhesion! links! the! internal! actin! cytoskeleton! to! the!extracellular! matrix;! it! is! used! by! cells! to! explore! their! environment,! and!depends! strongly!on!microtubule!dynamics89! in! coordination!with! the!primary!cilium90,!91.! Genes!participating! in! focal! adhesion! (GSK3B#(MIM#605004);#PAK7#(MIM#608038)),!axon!guidance!(ROBO1#(MIM#602430);#EPHA6#(MIM#600066);#
PAK7;# GSK3B)! and! Golgi! apparatus^related! processes! (SND1# (MIM#602181);#
FRMD5# (MIM#616309))! are! among! the! 24! genes! trans^contacted! by! both! the!BP4^BP5! and!BP2^BP3! viewpoints.! The! gene!MPZL1! (MIM#604376),! contacted!
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by!both!KCTD13!and!SH2B1,!is!associated!with!SCZ92.!It!is!a!downstream!target!of!
PTPN11!93.!!Fluorescence!in!situ!hybridization!(FISH)&Interphase! nuclei! were! prepared! from! a! LCL! of! a! control! individual.! FISH!experiments!were! performed!using! fosmid! clones! (300! ng)! directly! labeled! by!nick^translation!with!Cy3^dUTP!and!fluorescein^dUTP!as!previously!described94!with! minor! modifications.! Fosmid! and! BAC! clones! (G248P86150B3! for! the!
ALDOA! locus,! G248P800063B6! for! the! SH2B1! locus;! G248P86115A10! for! the!
KIAA0556! locus;! RP11^301D18! for! the!KCTD13! and!MVP! loci;! RP11^383D9! for!
PTEN# (MIM#601728);! RP11^477N2! for! USP34# (MIM#615295)/XPO1!(MIM#602559)! and! RP11^43E18! for! MARK4# (MIM#606495))! were! obtained!from! the! CHORI! BACPAC! Resources! Center! (https://bacpac.chori.org/).! We!picked! the!MARK4^encompassing! BAC! as! “control! BAC”! because! it! maps! to! a!gene^rich!region!on!chromosome!19,!a!centrally^positioned!chromosome!within!the! nucleus.! Hybridization! was! performed! at! 37°C! in! 2xSSC,! 50%! (v/v)!formamide,! 10%! (w/v)! dextran! sulfate,! 3! μg! C0t^1! DNA,! and! 3! μg! sonicated!salmon!sperm!DNA,!in!a!volume!of!10!μl.!Post^hybridization!washing!was!at!60°C!in! 0.1xSSC,! three! times.! Nuclei! were! DAPI^stained! and! digital! images! were!obtained!using!a!Zeiss!Imager!A1!fluorescence!microscope.!We!considered!50^60!cells!per!experiment!(i.e.!at!least!100!distances)!and!co^localization!was!defined!if! the! distance! between! signals! was! ≤0.3um.! The! contact! between! SH2B1! and!
ALDOA,!versus!the!control!KIAA0556,#was!estimated!by!calculating!the!distance!between!BAC!probes!(median!SH2B1VALDOA!and!VKIAA0556!distances=0.43!and!1.24!µm,!respectively;!Wilcoxon!rank!sum!test,!P=1.45e^17).!The!contact!of!MVP!and!KCTD13#with,!respectively,!PTEN!and!USP34/XPO1,!compared!to!the!control!
MARK4,# was! estimated! as! percentage! of! co^localization! (25%! and! 14%! co^localization!versus!2%!with!the!control!locus;!Fisher’s!test!enrichment:!P=6.9e^05!and! P=0.01,! respectively;! median!MVP/KCTD13VUSP34/XPO1! distances! =! 1.76,!
MVP/KCTD13VPTEN#=#2.61!and!MVP/KCTD13VMARK4!=!4.96!µm;!Wilcoxon!rank!sum!test,!P=5.4e^10!and!P=9.3e^05,!respectively).!!
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!ChIP^seq!and!RNA^seq!molecular!associations&Detailed!experimental!procedures!and!results!are!described!in!95.!Briefly,!ChIP^seq!(chromatin!immuno^precipitation!coupled!with!sequencing)!and!mRNA^seq!data!were! produced! from! LCLs! of! 54! individuals! of! European! origin! from! the!1000! Genomes! Project! 96.! ChIP^seq! with! antibodies! recognizing! H3K4me1,!H3K4me3,! H3K27ac,! PU.1! and! RNA! Pol2! binding,! as! well! as! mRNA^seq! gene!expression!profiling,!were!carried!out!from!a!single!growth!of!LCLs!as!previously!described! 97.! Genotypes! were! obtained! from! the! GEUVADIS! consortium! 98.! To!map!associations!between!pairs!of!ChIP^seq!and/or!RNA^seq!peaks,!we!retained!47!individuals!after!data!quality!control!and!proceeded!as!follows!for!each!of!the!15!possible!unordered!pairs!of!distinct!molecular!phenotypes!(A1,#A2).!First,!we!measured! inter^individual! Pearson! correlation! between! every! possible! pair! of!normalized! quantifications! at! peaks! (p1,# p2)!within! the! 16p11.2! interval! (28.1^34.6! Mb)! such! that! p1! and# p2! belong! to# A1! and# A2,! respectively.! Note! that! the!distances!here!were!measured!between!the!respective!peak!centers,!excepted!for!mRNA!for!which!we!used!the!transcription!start!site.!Then,!we!assessed!to!what!extent! the! correlations! significantly! differed! from! zero! by! calculating! P^values!using!the!R!function!cor.test!and!corrected!them!for!multiple^testing!by!using!the!Benjamini!&!Hochberg!procedure!as!implemented!in!the!R!function!p.adjust!(FDR!5%!and!10%).!!







Transcripts:! The! transcripts! mapping! within! the! human! chromosome! 16!GRCh37/hg19!27^31Mb!region!are!indicated.!The!4C^targeted!SH2B1,#LAT,!MVP,#
KCTD13,#ALDOA,#TBX6!and!MAPK3!genes!are!highlighted!in!red.!
Segmental& duplications/viewpoints:! The! duplicated! regions! containing! the!low^copy! repeats! (LCR)! that! flank! these! rearrangements! telomerically! and!centromerically! are! shown,!whereas! the! position! of! the! restrictions! fragments!used!as!viewpoints!are!marked!with!red!ticks.!
CNVs:!The!position!of!the!600kb!BP4^BP5!(orange)!and!220kb!BP2^BP3!intervals!(blue)!are!depicted.&
Brain/LCLs:! The! mean! z^score! for! transcript! expression! per! group! (Brain! or!LCLs)! from! GTEx! are! displayed.! The! corresponding! RNA^seq! heatmap! color!legend!is!showed!at!the!bottom!left!corner.!
PC/BRICKs:& Smoothed! and! profile^corrected! 4C! signal! (upper! part! of! each!panel)! and!BRICKs! (lower!part)! identified! for! each!of! the! seven!4C!viewpoints!within!the!16p11.2!cytoband,!i.e.!from!top!to!bottom!SH2B1,#LAT,!MVP,#KCTD13,#
ALDOA,#TBX6!and!MAPK3.!The!corresponding!BRICKs!significance!heatmap!color!legend!is!showed!at!the!bottom!right!corner.!!
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population! as! described18(Figure& 2A]B).! The! BMI! mean! Z^score! of! deletion!carriers!deviated!significantly!from!that!of!the!general!population!(t^test,!P=3.1e^14),!replicating!the!earlier!described!association!of!the!deletion!with!obesity16,!28.!We!observe!a! trend! towards! increased!HC! in!deletion!carriers.!The!duplication!carriers!showed!a!mirroring!decrease!of!BMI!and!HC!values!when!compared!to!those!of!the!control!population!(t^test,!P=0.005!and!1.1e^4,!respectively).!We!also!observe! an! increase! in! ASD! prevalence! in! both! deletion! (23/88;! 26%)! and!duplication! (11/49;! 22%)! carriers! compared! to! the! general! population!(5,338/363,749;!1.5%)99!(Fisher’s!enrichment!test:!OR=23.7,!P=2.5e^22;!OR=19.4,!










































































































(blue)! taking! into!account! the!normal!effect!of!age!and!gender!observed! in! the!general!population!as!described!in!18.!The!general!population!has!a!mean!of!zero.!
(C)! Comparison! of! the! genomic! breakpoints! of! 2p15! deletions! (red! bars)! and!duplications! (blue! bars)! in! 26! and! 9! unrelated! carriers,! respectively.! The!breakpoints’!coordinates!are!detailed!in!Table&S2.!The!genes!mapping!within!the!interval! and! cytobands’! positions! are! shown! above,! while! the! extent! of! the!critical!region! is! indicated!by!a!black!bar.!Distribution!of!Z^score!values!of!BMI!
(D)! and! head! circumference! (E)! in! carriers! of! the! 2p15! deletion! (red)! and!duplication!(blue).!!!associate! with! the! promoters! of!MVP,# KCTD13,# ALDOA,# TBX6! and!MAPK3,! five!genes!mapping!to!the!BP4^BP5!interval,!and!SH2B1!and#LAT,!two!genes!mapping!to!the!BP2^BP3!one.!These!were!investigated!based!on!their!potential!role!in!the!phenotype!(Figure&S2;&Methods)27,!55,!57^59.!!Genome^wide!we! identified!an!average!of!265!BRICKs! (Blocks!of!Regulators! In!Chromosomal! Kontext;! FDR≤1%),! i.e.! 3^dimensionally! interacting! genomic!fragments,! for! the! seven! viewpoints! (range:! 168^442;! Table& S6]S12).! In!particular,! we! observed! complex! chromatin! looping! between! genes! located! in!the!proximal!BP4^BP5!and!those!mapping!both!to!the!distal!BP2^BP3!region!and!the!equidistant!downstream!region!rich! in!Zn^finger!genes! (Figure& 1,& 3A).!For!instance!each!of!the!nine!genes!of!the!BP2^BP3!interval!(ATXN2L#(MIM#607931),!
TUFM#(MIM#602389),#SH2B1,#ATP2A1#(MIM#108730),#RABEP2#(MIM#611869),#
CD19# (MIM#107265),# NFATC2IP# (MIM#614525),# SPNS1# (MIM#612583)! and#
LAT)!is!contacted!by!at!least!one!of!the!five!assessed!viewpoints!in!the!BP4^BP5!interval!(Figure&1,& 3A).!We!reciprocally!validated!these!chromatin!interactions!using!the!promoters!of!SH2B1!and!LAT!as!viewpoints!(e.g.!the!chromatin!loops!of!
MVP,#KCTD13,#ALDOA,#TBX6! and!MAPK3#with!SH2B1! are!all! recapitulated!using!
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(A)! Circos! plot! representation! of! the! chromatin! loops! identified! in! the! human!chromosome!16!27.5! to!31.0Mb!window.!The!220kb!BP2^BP3!and!600kb!BP4^BP5! intervals! are! depicted! by! blue! and! orange! bars! on! the! peripheral! circle,!respectively.!Darker! sections! indicated! the!positions!of! the! viewpoints.! Central!blue!and!orange!lines!indicate!the!chromatin!interactions!corresponding!to!BP2^BP3! and! BP4^BP5! viewpoints,! respectively.! Note! the! quasi! absence! of! loops!between!the!BP2^BP3!viewpoints!(LAT!and!SH2B1)!and!the!27.5^28.4Mb!region.!The! mapping! position! of! the! KIAA0556! gene,! used! as! control! locus! in! FISH!experiments,!is!indicated.!!
(B)&High!resolution!Hi^C!chromosome!conformation!capture!results!obtained!in!reference!75!with!the!GM12878!LCL!within!the!chromosome!16!0^34Mb!window!(left! panels)! and! zoom! in! within! the! 28^31! Mb! region! encompassing! the! two!CNVs! (5kb! resolution;! right! panels).! The! positions! of! the! 220kb! BP2^BP3! and!600kb! BP4^BP5! intervals! are! shown! by! blue! and! orange! bars,! respectively.!Observed! (top! panel),! observed/expected! (central! panel)! and! Pearson!correlation!results!are!presented!(bottom!panel).!
(C)&Fluorescence!in#situ!hybridization!experiments!show!colocalization!of!SH2B1!foci!(green)!that!map!to!the!220kb!BP2^BP3!interval!with!ALDOA!foci!(red)!that!map! to! the! 600kb! BP4^BP5! genomic! interval! (left! panel)! but! not! with! the!equidistant!KIAA0556! (red)! foci! (central! panel).! The! distribution! of! interphase!nuclei! distances! between! the! SH2B1! and! ALDOA! (deep! pink)! and! SH2B1! and!
KIAA0556! foci! (grey)! are! shown! in! the! lower! panel.! The!mapping! positions! of!
ALDOA,!SH2B1!and!KIAA0556!are!indicated!in!(A).!!!!We!confirmed!the!genomic! interaction!between!the!600kb!BP4^BP5!and!220kb!BP2^BP3! intervals! using! fluorescence! in# situ! hybridization! (FISH).! This!independent! method! showed! that! the! BP2^BP3^mapping! SH2B1! locus! was!significantly!closer!to!the!BP4^BP5^encompassed!ALDOA! locus!than!to!a!control!region,!the!KIAA0556! locus,!situated!equidistantly!on!its!telomeric!side!(median!
SH2B1VALDOA! and! SH2B1VKIAA0556! distances=0.43! and! 1.24! µm,! respectively;!Wilcoxon!rank!sum!test,!P=1.45e^17)(Figure& 3C,& Figure& S4,&Methods).!We!also!examined! published! Hi^C! (genome^wide! conformation! capture)! and! high^resolution! Hi^C! data! from! LCLs.! Although! they! cannot! confirm! our! chromatin!connections! given! their! limited! resolution,! they! support! a! preferential! 3^dimensional!proximity!of!these!two!regions73,!75!(Figure&3B).!Concordant!results!were!found!in!both!human!IMR90!fibroblasts!and!ES!cells26,!101!and!mouse!cortex!and! ES! cells! suggesting! the! conservation! of! the! structure! of! this! topological!
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associated!domain!(TAD)!across!species!and!tissues101,!as!recently!shown!for!the!TAD!spanning!the!WNT6/IHH/EPHA4/PAX3!(MIM#604663;!#600726;!#602188;!#606597)!locus3.!!As!chromatin! interactions!were!determined! in!normal!diploid!context,!we!next!assessed! the! effect! of! BP4^BP5! CNVs! on! these! chromatin! loops.!We! identified!genomic!fragments!that!interact!with!the!same!seven!viewpoints!in!LCLs!of!two!BP4^BP5! deletion^! and! two! reciprocal! duplication^patients! (Methods).! We!observed! a! genome^wide! decrease! in! the! number! of! BRICKS! per! viewpoint!ranging! from! 27! to! 84%,! suggesting! that! both! rearrangements! triggered!dramatic!reorganizations.!Consistent!with!this!hypothesis,!the!SH2B1!viewpoint,!whose!copy!number!is!not!affected!by!the!proximal!BP4^BP5!CNV,!shows!a!36%!reduction!in!the!amount!of! interacting!regions!(all!BRICKS!listed!in!Table&S13]
S26).! We! compared! the! 4C^seq! results! from! control! individuals! and! the! four!patients! and! identified,! across! all! conditions! and! considering! all! viewpoints,!1193! genes! with! significantly! modified! chromosomal! contacts! (FDR<1%,!
Methods;& Table& S27).! These! results! support! the! idea! that! large! structural!rearrangements! perturb! the! 3D! genomic! structure! by!modifying! both! cis^! and!trans^contacts.!!Perturbations!of!the!chromatin!interactions’!landscape!at!16p11.2!are!associated!with!gene!expression!modification&Our! results! show! that! the! gene^rich! BP2^BP3! and! BP4^BP5! 16p11.2! intervals,!whose!CNVs!are! linked! to!overlapping!phenotypes,! are! reciprocally!engaged! in!complex! chromatin! looping! as! determined! by! 4C,! FISH! and! Hi^C.! The! recent!discovery! of! multigene! complexes! where! chromosomal! loops! orchestrate! co^transcription!of!interacting!genes2,!102!is!suggestive!of!functional!implications!for!the!chromosomal!contacts!between!the!BP2^BP3!and!BP4^BP5!intervals.!!!
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To! assess! this! possibility,! we! first! used! our! recent! association! analyses! of!population^wide!transcription!factor!DNA!binding!(PU.1!and!RPB2!^!the!second!largest!subunit!of!RNA!polymerase!II),!histone!modification!enrichment!patterns!(H3K4me1,! H3K4me3,! and!H3K27ac)! and! gene! expression!measured! by! ChIP^seq!and!RNA^seq!in!LCLs!derived!from!47!European!unrelated!individuals!whose!genomes! were! sequenced! in! the! frame! of! the! 1000! Genomes! Project95.! We!measured! the! extent! of! quantitative! coordination! of! natural! inter^individual!variation!between!pairs!of!these!six!molecular!phenotypes!at!putative!regulatory!regions!mapping!within!cytoband!16p11.2!and! identified!coordinated!behavior!in! terms! of! mapping! enrichment.! For! example,! we! found! association! between!active!regulatory!regions!mapping!within!the!BP4^BP5!interval!and!expression!of!BP2^BP3! genes! (Figure& S5)95,! consistent! with! the! notion! that! some! of! the!chromatin! loops! uncovered! between! these! two! intervals!might! bring! together!regulatory!elements!and!genes.!!Secondly,!we!examined!if!genes!involved!in!primary!cilium!function!and!related!pathways,! that! are! modified! in! BP4^BP5! deletion! patients’! cells12,! are! also!changed!in!BP2^BP3!deletion!carriers!(Methods).!We!found!that!the!ciliary!genes!
BBS4,# BBS7,# SMAD2,! XPOT! and! NUP58! are! correspondingly! modified! in! LCLs!derived! from! both! BP4^BP5! and! BP2^BP3! deletion! carriers! (Figure& S6).! The!interplay!between!the!600kb!BP4^BP5!and!the!220kb!BP2^BP3!interval!is!further!substantiated:! (i)! by! published! data! showing! perturbed! expression! of! genes!mapping! within! BP2^BP3! distal! interval! (i.e.! LAT,# SPNS1#and# ATP2A1)! in! cells!derived!from!BP4^BP5!patients!26;!as!well!as!(ii)!by!the!observation!that,!within!the! top^10! genes! correlated! with! SH2B1! expression! according! to! GeneProf!(www.geneprof.org),! three! (ZNF500;! CDAN1! (MIM#607465);! LRRC14)! are!contacted! by! viewpoints! located! in! the! BP4^BP5! region! and! two! (PIGO#(MIM#614730);#TUBGCP6! (MIM#610053))! are! differentially! expressed! in!BP4^BP5!!CNV!patients.!!
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We! then! assessed! whether! the! structural! chromatin! changes! identified! in! the!600kb! BP4^BP5! CNVs! carriers! (i.e.! 1193! genes! with! significantly! modified!chromosomal!contacts,!FDR<1%)!are!paralleled!by!transcriptome!modifications!identified! in! 12! (2,209! significantly! differentially! expressed! genes,! FDR! ≤! 5%;!uniquely!mapping!probes)).!We!find!a!significant!overlap!between!the!two!gene!lists!as!125!genes!with!modified!chromatin!loops!are!concomitantly!differentially!expressed!in!16p11.2!600kb!BP4^BP5!CNV!carriers’!cells!(125/665!4C^modified!genes! with! detectable! expression! (see! Methods);! Fisher’s! enrichment! test:!OR=1.4,!P=0.002;!Table& S28]S30;!Figure&4A).!There! is!no!correlation!between!quality!of!the!change!in!4C!contact!(increased!or!decreased)!and!the!sense!of!the!perturbation!in!gene!expression,!i.e.!a!loss!of!contact!does!not!necessarily!imply!a!decrease!in!expression!and!vice!versa!(Figure&S7,&Table&S31).!These!results!show!that!the!BP2^BP3!and!BP4^BP5!loci!are!linked!by!chromatin!loops,!coordinated!molecular!phenotypes!and!co^regulation!of!genes.!
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(A)&Top!panel:!weighted!Venn!diagram!showing!the!overlap!between!the!2209!genes! that! are!differentially! expressed! in!16p11.2! rearrangement! carriers! (DE,!yellow! disk;! FDR≤5%! 12),! the! 1193! genes! that! show! modified! chromatin!interactions! in!16p11.2!rearrangement!carriers! (4C^modified,!purple!disk;!only!665!with!detectable!expression!are!considered!for!the!DE!enrichment;!see!Table&
S31)!and!the!604!genes!listed!in!SFARI!Gene!(https://sfari.org/;!323!expressed),!an!annotated! list!of! candidate!genes! for!ASD! (ASD;!blue!disk).!The!numbers!of!common! genes! are! indicated! and! the! twelve! 4C^modified,! DE! and! ASD^SFARI!genes! are! specified! on! the! right.! Bottom! panels:! weighted! Venn! diagrams!showing!the!overlap!between!the!DE!genes!and!the!LCLs^expressed!ASD!and!4C^
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modified! genes! (lower! left! and! right,! respectively).! (B)! Circos! plot!representation!of!the!chromatin!loops!identified!in!human!chromosomes!16!and!22! (right! hand! panel).! The! 220kb! BP2^BP3! and! 600kb! BP4^BP5! intervals! are!depicted!by!blue!and!orange!bars!on!the!peripheral!circle,!respectively.!Central!blue! and! orange! lines! indicate! the! CNVs^modified! chromatin! interactions!corresponding! to!BP2^BP3! and!BP4^BP5! viewpoints,! respectively.! Ticks! on! the!three! internal! rings! indicate! BRICKS! with! significantly! modified! interactions!between! 16p11.2! 600kb! BP4^BP5! duplication! and! control! samples! (light! blue!ring),! between! 16p11.2! 600kb! BP4^BP5! deletion! and! control! samples! (dark!grey),! and! between! 16p11.2! 600kb!BP4^BP5! deletion! and! duplication! samples!(yellow).! Blue! and! red! ticks! on! the! most! external! rings! denote! genes!differentially! expressed! in! 16p11.2! patients! (DE)! and! SFARI^ASD^associated!genes! (ASD),! respectively.! A! zoomed^in! view! with! examples! of! genes! with!modified! chromatin! interactions! mapping! within! the! 22q13! cytoband! is!presented! in! the! left! hand! panel.! (C)& The! 1193! genes! that! show! modified!chromatin! interaction! in! 16p11.2! cells! with! 16p11.2! 600kb! BP4^BP5!rearrangements! encode!proteins! that! interact.!The! confidence!view! interaction!network! of! the! encoded! proteins! corresponding! to! the! enriched! GO! terms!(GO:0030030! cell! projection! organization,! GO:0042995! cell! projection,!GO:0030173! integral! to! Golgi! membrane,! GO:0000138! Golgi! trans! cisterna,!GO:0034504! protein! localization! to! nucleus! and! GO:0005874! microtubule)! is!visualized!with!STRING.!Proteins!belonging!to!cell!projection!(blue),!microtubule!(red),!Golgi!apparatus!(green),!stereocilium!bundle!(purple)!and!cilium!(yellow)!process/cell!components!are!highlighted!by!colored!beads.!Disconnected!nodes!are!not!shown.!!!!!Reminiscent! of! our! transcriptome! findings12,! enrichment! analysis! of! the! 1193!genes! with! modified! chromosomal! contacts! showed! significant! over^representation! of! ciliary! genes88! (40/493,! OR=1.47,! P=! 0.030,!Table& S29]30),!OMIM! terms!associated!with!dysfunction!of! ciliary! structures! (Table& S28)! and!candidate! genes! for! ASD! (Table& S29]S30).! We! showed! previously! 12! that!differentially!expressed!genes!were!similarly!enriched!for!SFARI^ASD^associated!genes! (91/323! with! detectable! expression;! OR=2.3,! P=2.43e^10);! Figure& 4A).!Notably! five! (TCF4# (MIM#602272),# EP300,# ADK# (MIM#102750),# TUBGCP5#(MIM#608147),# VPS13B# (MIM#607817))! of! the! twelve! genes! that! are!concurrently! SFARI^ASD,! differentially! expressed! and! modified! in! 4C! contacts!(OR=5.01,! P=1.5e^05)! were! previously! associated! with! head! circumference!changes114^117!(Figure&4A]B;&Table&S29]S30).!
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!Phenotypes!associated!with!2p15^16.1!CNVs&Our! results! suggest! that! chromatin! interactions! captured! by! the! BP4^BP5! and!BP2^BP3! viewpoints! and! their! perturbations! can! be! exploited! to! identify!additional! genes/loci,! which! when! genetically! perturbed,! are! associated! with!similar! pathways,! diseases! and! phenotypes.!We! challenged! this! hypothesis! by!assessing! whether! the! phenotypic! features! of! 2p15^p16.1! deletion! ! and!duplication! carriers! overlap! with! those! of! carriers! of! the! 600kb! BP4^BP5! and!220kb!BP2^BP3!rearrangements.!Haploinsufficiency!of!the!chromatin^contacted!
USP34/XPO1# was! suggested! to! be! responsible! for! the! 2p15^p16.1! deletion!syndrome! (MIM#612513)! phenotypes! that! included! ID,! ASD,! microcephaly,!dysmorphic!facial!features!and!a!variety!of!congenital!organ!defects!111,!112.!!!We! collected! clinical! data! on! 26! and! 9! unrelated! 2p15^p16.1! deletion! and!duplication!carriers,!respectively!(Figure&2C;&Table&S2).!Comparison!of!data!on!BMI! and!HC!of! both! variants! pinpoints!mirror! phenotypes! for! these! two! traits!(Figure& 2D]E).! Whereas! we! do! not! formally! demonstrate! a! mechanistic! and!functional! link!between!the!600kb!BP4^BP5!and!the!2p15!interval,! it!should!be!noted! that! the!KCTD13^USP34/XPO1! interactions! are! present! in! controls! LCLs,!but!neither!in!16p11.2!deletion!nor!duplication!LCLs!(see!below).!Furthermore,!five! (C2orf74,# COMMD1# (MIM#607238),# FAM161A# (MIM#613596),# PEX13#(MIM#601789),#PUS10#(MIM#612787))!and!11!(AHSA2,#BCL11A#(MIM#606557),#











(A)&Examples!of!regions!(BRICKS)!interacting!with!16p11.2!viewpoints!showing!some!of!the!interacting!genes,!i.e.!GRID1,!PTEN,!and!USP34/XPO1.!Other!examples!(CHD1L!and!EP300)!are!shown!in!Figure&S8).!Fluorescence!in#situ!hybridization!experiments! show! colocalization! of! the! 600kb! BP4^BP5! interval^encompassed!
KCTD13#(red)!and!2p15^mapping!XPO1!foci!(green)!(B)!and!the!600kb!BP4^BP5!interval^encompassed!MVP#(red)!and!10q23.31^mapping!PTEN!foci!(green)!(D).!The!distribution!of! interphase!nuclei! distances!between!KCTD13! and!XPO1! (C)!and! between! MVP# and! PTEN! (E)! foci! are! compared! with! to! those! between!
KCTD13/MVP#and#MARK4!(control)!foci!(25%!and!14%!co^localization!versus!2%!with! the! control! locus;! Fisher’s! test! enrichment:! P=6.9e^05! and! P=0.01,!respectively;!median!MVP/KCTD13VUSP34/XPO1!distances!=!1.76,!MVP/KCTD13V
PTEN# =# 2.61! and! MVP/KCTD13VMARK4! =! 4.96! µm;! Wilcoxon! rank! sum! test,!
P=5.4e^10!and!P=9.3e^05,!respectively).!
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Discussion&The! 16p11.2! 600kb! BP4^BP5! rearrangements! allow! investigation! of!molecular!mechanisms! underlying! the! co^morbidity! triad! of! neurodevelopmental!disorders,! energy! imbalance! and!HC! alterations,! all! associated!with! changes! in!gene!dosage.!To! identify!pathways! that! are!perturbed!when! the!dosage!of! this!region! is! modified! we! cataloged! the! chromosomal! contacts! of! genes! mapping!within! this! genomic! interval.! Using! chromosome! conformation! capture! we!uncovered!a!network!of!chromatin!loops!with!genes!previously!associated!with!ASD! and! HC! demonstrating! the! pertinence! of! this! approach.! We! show,! for!example,! that! the!16p11.2!phenotype!drivers!MVP! and!MAPK3!promoters!have!long^range!chromatin!interactions!with!PTEN!and!CHD1L,!respectively.!The!MVP!protein! regulates! the! intracellular! localization! of! PTEN118,! a! dual^specificity!phosphatase! that! antagonizes! PI3K/AKT! and! Ras/MAPK! signaling! pathways.!Both!PTEN!germline!mutations!in!humans!and!targeted!inactivation!in!mice!are!associated! with! macrocephaly/ASD! syndrome! (MIM#605309)103^106,! 119.!Congruently,! germline! mutations! in! the! Ras/MAPK! pathway! cause! a! group! of!syndromes!frequently!regrouped!under!the!term!RASopathies,!recently!shown!to!affect! social! interactions120,!121.!We! corroboratingly! revealed! that! expression! of!
PTEN! pathway! members! is! sensitive! to! gene! dosage! at! the! 16p11.2! locus! 12.!
CHD1L! was! suggested! to! be! a!major! driver! of! the! phenotypes! associated!with!1q21.1!rearrangements!(OMIM#612474;!#612475)107,!108.!Analogous!to!16p11.2,!deletions!and!duplications!of!this!interval!are!linked!to!micro^!and!macrocephaly,!respectively109.!!These! results! suggest! that! chromatin! interactions,! even! when! tested! in!peripheral! tissues! (such! as! LCLs)! not! considered! to! play! a! central! role! in! the!resulting! neurodevelopmental! phenotype,! could! reveal! genes! or! pathways,!which!are!co^regulated!and!associated!with!similar!phenotypes.!Several!studies!have!shown!that!the!contacted!domains!can!be!highly!stable!across!species!and!cell!lines!(even!when!the!contacted!genes!are!not!expressed)!3,!101,!supporting!the!notion! that! patient^derived! samples! can! provide! direct! insight! into! regulatory!abnormalities! and! that! LCLs! still! contain! valuable! information! for! the! study! of!
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the! patients! phenotype12.! Consistent! with! this! hypothesis,! we! established! that!dosage!perturbation!of!two!chromatin^contacted!loci,!the!cis^contacted!16p11.2!220kb! BP2^BP3! and! the! trans^interacting! 2p15! intervals,! are! associated! with!mirror!phenotypes!on!BMI!and!HC.!Similar!regulatory!cores!engaged!in!multiple!physical!interactions!were!recently!described,!e.g.!the!8q24!oncogenetic!locus122.!!The!physiological!relevance!of! the!underlying!chromatin!architecture! is! further!exemplified!by!the!extensive!overlap!between!differentially!expressed!genes!and!the! loci! that! show!modified! loops! upon! dosage! changes! of! the! 16p11.2! 600kb!BP4^BP5!interval.!Together!with!the!observed!enrichments!in!various!pathology^relevant! gene! ontology! terms! and! pathways,! this! sheds! light! on! a! possible!“chromatin! hub”! role! of! the! 16p11.2! locus! in! the! observed! phenotypes.! The!twelve! genes! that! are! concurrently! SFARI^ASD,! differentially! expressed! and!modified! in! 4C! contacts! include! i)! VPS13B,! whose! mutations! cause! Cohen!syndrome! (OMIM#216550),! an! autosomal! recessive! disorder! characterized! by!ID,! microcephaly,! retinal! dystrophy! and! truncal!obesity123;! ii)! TCF4,! whose!haploinsufficiency! is! associated! with! Pitt^Hopkins! syndrome! (OMIM#610954)!typified!among!other!traits!by!ID,!recurrent!seizures!and!microcephaly!(Of!note,!the! expression! level! of! this! transcription! factor! of! the!Wnt/β^catenin! signaling!cascade! was! shown! to! be! altered! in! the! cortex! of! mice! models! engineered! to!carry! one! or! three! copies! of! the! 16p11.2! orthologous! region26);! iii)! the! TSC2#
(MIM#191092)# tuberous! sclerosis! (OMIM#613254)! gene,! which! encodes! an!inhibitor!of!mTORC1!signaling! that! limits! cell! growth!and!was! linked! to! ciliary!dysfunction124;! and! iv)!EP300,!which! is!mutated! in! a! form!of! Rubinstein^Taybi!syndrome!2!(OMIM#613684)!associated!with!a!more!severe!microcephaly114,!125.!!Whereas! the! functions! and! natures! of! the! detected! contacts! remains! to! be!elucidated,!recent!reports!show!that! transcription!of!co^regulated!genes!occurs!in!the!context!of!spatial!proximity,!which! is! lost! in!knockout!studies2,!102.!While!we! cannot! exclude! that! the! observed! proximal! positions! of! genes! is! brought!about! by! proteins! that! do! not! directly! interact! with! any! of! them! 126! or! occur!
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through! their! use! of! identical! transcription! factory! for! example! 127,! 128,! we! de#







Figure&S1:&Comparison&of&4C]seq&replicates&BRICKS!obtained!after!averaging!replicates!(combRep)!are!compared!to!BRICKS!found!in!each!replicate!separately!(rep1!and!rep2)!according!to!(A)!percentage!of!the!total! length!of!combRep!BRICKS!also!included!in!the!intersection!of!rep1!and!rep2!BRICKS,!in!only!one!of!the!replicates!or!in!none;!(B)!percentage!of!the!combRep!BRICKS! that! overlap!with! the! intersection! of! rep1! and! rep2!BRICKS,!with! only! one! of! the! replicates! or! with! neither;! and! (C)! percentage! of! genes!found!within!combRep!BRICKS!that!are!also!found!in!the!intersection!of!rep1!and!rep2!BRICKS,!in!only!one!of!the!replicates!or!in!none.!!!
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Figure& S3:& The& 220kb& BP2]3& viewpoints& display& preferential& interactions&










cytoband&Pairwise! molecular! associations! within! the! 16p11.2! region! (28.1^34.6! Mb)!between! H3K4me1,! H3K4me3,! H3K27ac,! PU.1! and! RPB2! binding! and! mRNA!levels!in!LCLs!of!47!unrelated!individuals!at!5%!(left!panel)!and!10%!FDR!(right!panel).! The! positions! of! the! 220kb!BP2^BP3! and! 600kb!BP4^BP5! intervals! are!delimited!by!blue!and!green! rectangles,! respectively.!Associations! that! support!the! 4C! observed! loopings! between! the! 16p11.2! 600kb! BP4^BP5! and! BP2^BP3!intervals! are! enclosed! in! the! red! rectangle.! The! nature! of! the! molecular!phenotypes!participating!in!the!associations!is!indicated!on!the!right.!!






























































Figure& S6:& Ciliopathy& gene& expression& levels& are&modified& in& cells& of& both&































































































































































































































































Figure& S9:& Distribution& of& Hi]C& scores& in& selected& versus& non]selected&






Figure&S10:&KEGG&pathway&with&modified&chromatin&interactions&The! 1193! genes! that! show!modified! chromatin! interaction! in! cells! of! 16p11.2!600kb!rearrangement!carriers!are!enriched!in!members!of!the!hsa04360!“axon!guidance”!KEGG!pathway.! The! genes!with!modified! chromatin! interactions! are!marked!with!stars.!
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FDR≤1%)& using& LAT& as& a& viewpoint& in& 16p11.2& 600kb& BP4]BP5& deletion&
combined&replicates.&
Table&S15:&Selected&BRICKs&(Blocks&of&Regulators&In&Chromosomal&Kontext;&
FDR≤1%)& using&MVP& as& a& viewpoint& in& 16p11.2& 600kb& BP4]BP5& deletion&
combined&replicates.&
Table&S16:&Selected&BRICKs&(Blocks&of&Regulators&In&Chromosomal&Kontext;&





















FDR≤1%)& using& KCTD13& as& a& viewpoint& in& 16p11.2& 600kb& BP4]BP5&
duplication&combined.&
Table&S24:&Selected&BRICKs&(Blocks&of&Regulators&In&Chromosomal&Kontext;&




FDR≤1%)& using& TBX6& as& a& viewpoint& in& 16p11.2& 600kb& BP4]BP5&
duplication&combined.&
Table&S26:&Selected&BRICKs&(Blocks&of&Regulators&In&Chromosomal&Kontext;&
FDR≤1%)& using& MAPK3& as& a& viewpoint& in& 16p11.2& 600kb& BP4]BP5&
duplication&combined.&
Table& S27:& Significantly& 4C]modified& chromosomal& contacts& (FDR<1%)& in&



















GRAEM&control1. CIG,.Lausanne. F. 31. 2.
SOMAG&control2. CIG,.Lausanne. F. 28. 2.
ATNAT&deletion1. Lille. F. 39. 1.
VUCAT&deletion2. Lausanne. F. 36. 1.
TABCA&duplication1. Nantes. F. 36. 3.



























































































control1. 2580767. 332658. 2248109. 1695361.
control2. 12314376. 560126. 11754250. 7730314.
deletion1. 3627369. 544009. 3083360. 1959941.
deletion2. 2248115. 14608. 2233507. 1365868.
duplication1. 3507290. 36124. 3471166. 2072844.
duplication2. 2635340. 31301. 2604039. 1656997.
LAT.
control1. 29272291. 5628091. 23644200. 14614299.
control2. 22707491. 5935628. 16771863. 7548802.
deletion1. 19565978. 7257205. 12308773. 7360169.
deletion2. 38619273. 2871782. 35747491. 19061908.
duplication1. 24112972. 2773773. 21339199. 11404819.
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duplication2. 21233243. 1910256. 19322987. 7743731.
MVP.
control1. 8773647. 2248142. 6525505. 5590973.
control2. 30035542. 7073964. 22961578. 17091321.
deletion1. 7711725. 1335371. 6376354. 3801555.
deletion2. 1035840. 101384. 934456. 596077.
duplication1. 10041056. 385709. 9655347. 5240247.
duplication2. 2556332. 609469. 1946863. 1452251.
KCTD13.
control1. 13542833. 6729673. 6813160. 4942638.
control2. 43023192. 21855871. 21167321. 10990790.
deletion1. 31000280. 5393490. 25606790. 4564507.
deletion2. 8211454. 3169881. 5041573. 2594193.
duplication1. 14536379. 3971770. 10564609. 2190634.
duplication2. 8665086. 5135489. 3529597. 1957162.
ALDOA.
control1. 14343228. 4659257. 9683971. 6829243.
control2. 25798974. 3287975. 22510999. 1442397.
deletion1. 36683622. 500699. 36182923. 409218.
deletion2. 8940937. 683053. 8257884. 1492805.
duplication1. 16460525. 136012. 16324513. 391857.
duplication2. 11888366. 2753366. 9135000. 2769530.
TBX6.
control1. 5611067. 1231749. 4379318. 3513837.
control2. 28364800. 6537550. 21827250. 14242024.
deletion1. 5156129. 738117. 4418012. 2231652.
deletion2. 1713771. 248208. 1465563. 745713.
duplication1. 4994049. 256241. 4737808. 2531145.
duplication2. 4260311. 725640. 3534671. 2320175.
MAPK3.
control1. 15617754. 7247480. 8370274. 6564936.
control2. 39606162. 21480326. 18125836. 7936212.
deletion1. 17460008. 8616655. 8843353. 2996322.
deletion2. 7152784. 719585. 6433199. 943065.
duplication1. 4491814. 1561047. 2930767. 931515.












Table& S28:&Top&3&OMIM&Disease& terms& and&KEGG&Pathways& found& for& the&
4C]modified& genes& in& Enrichr&
(http://amp.pharm.mssm.edu/Enrichr/)(Table& S28.1);& top& 10& biological&
processes& (BP),& cell& component& (CC),& top&3&KEGG&Pathways&and& top&4&UP]
TISSUE& annotations& for& the& 4C]modified& genes& in& DAVID&
(http://david.abcc.ncifcrf.gov/)& (Table& S28.2);& top& 5& biological& processes&
(BP)& and& cell& component& (CC)& per& group& (all& 4C]modified& genes,& 4C]
modified&contacts&with&220kb&or&600kb&viewpoints&only&(Table&S28.3);&all&





. . . . . .OMIM'Disease'
. . . . . .
Term' Overlap' PAvalue' Adjusted'PAvalue' ZAscore' Combined'Score' Genes'
Usher'








pigmentosa' 6/51. 0.057647588. 0.499509822. &0.862502211. 0.598686949.
RP1;.IMPDH1;USH2A;RPGR;.
MFRP;.EYS.
. . . . . . .KEGG'
Pathways'
' ' ' ' ' '






































' ' ' ' ' ' ' ' ' ' 'All'4CAmodified' ' ' ' ' ' ' ' ' ' '
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morphogenesis' 36. 3.20. 1.72E&06. 818. 245. 13528. 2.43.
0.0050733
57. 5.08E&04.
. ' . . . . . . . . .
Cc' ' ' ' ' ' ' ' ' ' '










projection' 46. 4.09. 1.77E&06. 803. 342. 12782. 2.14. 8.61E&04. 8.61E&04.
Goterm_Cc_Fat.
GO:0042995~'










. . . . . . . . . . .KEGG'Pathways' ' . . . . . . . . .






























. . . . . . . . . . .UpATissue' ' . . . . . . . . .







Up_Tissue. Brain' 600. 53.29. 1.32E&20. 1063. 7789. 18201. 1.32. 4.02E&18. 4.02E&18.
Up_Tissue. Fetal'brain' 90. 7.99. 4.07E&10. 1063. 770. 18201. 2.00. 1.24E&07. 6.21E&08.
Up_Tissue. Epithelium. 212. 18.83. 6.66E&08. 1063. 2567. 18201. 1.41. 2.03E&05. 6.77E&06.





modified' ' ' ' ' ' '
.BP' ' ' ' ' ' '
'GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0006468. protein.phosphorylation. 1164. 105. 69.17. 8.70E&06. 0.00011.
GO:0007202. activation.of.phospholipase.C.activity. 58. 12. 3.45. 0.00013. 0.00013.
GO:0071322. cellular.response.to.carbohydrate.stimulus. 32. 10. 1.9. 1.00E&05. 0.00017.
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GO:0045773. positive'regulation'of'axon'extension' 22. 7. 1.31. 0.0002. 0.0002.
GO:0043113. receptor.clustering. 16. 6. 0.95. 0.00021. 0.00021.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0005886. plasma.membrane. 4260. 303. 246.29. 1.60E&05. 0.00015.
GO:0045202. synapse' 462. 50. 26.71. 1.40E&05. 0.00015.
GO:0030425. dendrite' 326. 40. 18.85. 5.60E&06. 0.00037.
GO:0005578. proteinaceous.extracellular.matrix. 370. 38. 21.39. 0.00043. 0.00043.
GO:0043025. neuronal'cell'body' 294. 31. 17. 0.00091. 0.00091.
. . . . . . .220'kb' ' ' ' ' ' '
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0007155. cell.adhesion. 892. 51. 27.11. 1.00E&05. 0.00019.
GO:0007411. axon'guidance' 357. 26. 10.85. 3.70E&05. 0.00021.
GO:0006112. energy.reserve.metabolic.process. 163. 14. 4.95. 0.00046. 0.00046.
GO:0007268. synaptic'transmission' 613. 44. 18.63. 1.10E&07. 0.00049.
GO:0060442.
branching.involved.in.prostate.gland.
morphogenesis. 15. 4. 0.46. 0.00088. 0.00088.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0045202. synapse' 462. 31. 13.73. 2.20E&05. 0.0002.
GO:0005874. microtubule' 319. 22. 9.48. 0.00023. 0.00023.
GO:0005578. proteinaceous.extracellular.matrix. 370. 24. 10.99. 0.00031. 0.00031.
GO:0044463. cell'projection'part' 560. 40. 16.64. 2.90E&07. 0.00031.
GO:0005913. cell&cell.adherens.junction. 46. 7. 1.37. 0.00038. 0.00038.
. . . . . . .600'kb' . . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0001952. regulation.of.cell&matrix.adhesion. 44. 7. 1.42. 0.00048. 0.00048.
GO:0045773. positive'regulation'of'axon'extension' 22. 5. 0.71. 0.00058. 0.00058.
GO:0007507. heart.development. 341. 23. 11.03. 0.00075. 0.00075.
GO:0010529. negative.regulation.of.transposition. 7. 3. 0.23. 0.00107. 0.00107.
GO:0006688. glycosphingolipid.biosynthetic.process. 15. 4. 0.49. 0.00111. 0.00111.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0005886. plasma.membrane. 4260. 165. 133.47. 0.00104. 0.001.
GO:0002102. podosome. 9. 3. 0.28. 0.00223. 0.0022.
GO:0043005. neuron'projection' 583. 36. 18.27. 8.80E&05. 0.0027.
GO:0016021. integral.to.membrane. 5530. 208. 173.26. 0.00079. 0.0028.
GO:0030425. dendrite' 326. 19. 10.21. 0.00728. 0.0073.




' ' ' ' ' 'All'4CA
modified' ' ' ' ' ' '
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0006468. protein.phosphorylation. 1164. 105. 69.17. 8.70E&06. 0.00011.
GO:0007202. activation.of.phospholipase.C.activity. 58. 12. 3.45. 0.00013. 0.00013.
GO:0071322. cellular.response.to.carbohydrate.stimulus. 32. 10. 1.9. 1.00E&05. 0.00017.
GO:0045773. positive'regulation'of'axon'extension' 22. 7. 1.31. 0.0002. 0.0002.
GO:0043113. receptor.clustering. 16. 6. 0.95. 0.00021. 0.00021.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0005886. plasma.membrane. 4260. 303. 246.29. 1.60E&05. 0.00015.
GO:0045202. synapse' 462. 50. 26.71. 1.40E&05. 0.00015.
GO:0030425. dendrite' 326. 40. 18.85. 5.60E&06. 0.00037.
GO:0005578. proteinaceous.extracellular.matrix. 370. 38. 21.39. 0.00043. 0.00043.
GO:0043025. neuronal'cell'body' 294. 31. 17. 0.00091. 0.00091.
. . . . . . .220'kb' ' ' ' ' ' '
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0007155. cell.adhesion. 892. 51. 27.11. 1.00E&05. 0.00019.
GO:0007411. axon'guidance' 357. 26. 10.85. 3.70E&05. 0.00021.
GO:0006112. energy.reserve.metabolic.process. 163. 14. 4.95. 0.00046. 0.00046.
GO:0007268. synaptic'transmission' 613. 44. 18.63. 1.10E&07. 0.00049.
GO:0060442. branching.involved.in.prostate.gland.morphogenesis. 15. 4. 0.46. 0.00088. 0.00088.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0045202. synapse' 462. 31. 13.73. 2.20E&05. 0.0002.
GO:0005874. microtubule' 319. 22. 9.48. 0.00023. 0.00023.
GO:0005578. proteinaceous.extracellular.matrix. 370. 24. 10.99. 0.00031. 0.00031.
GO:0044463. cell'projection'part' 560. 40. 16.64. 2.90E&07. 0.00031.
GO:0005913. cell&cell.adherens.junction. 46. 7. 1.37. 0.00038. 0.00038.
. . . . . . .600'kb' . . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0001952. regulation.of.cell&matrix.adhesion. 44. 7. 1.42. 0.00048. 0.00048.
GO:0045773. positive'regulation'of'axon'extension' 22. 5. 0.71. 0.00058. 0.00058.
GO:0007507. heart.development. 341. 23. 11.03. 0.00075. 0.00075.
GO:0010529. negative.regulation.of.transposition. 7. 3. 0.23. 0.00107. 0.00107.
GO:0006688. glycosphingolipid.biosynthetic.process. 15. 4. 0.49. 0.00111. 0.00111.
. . . . . . .CC' ' ' ' ' ' '




GO:0005886. plasma.membrane. 4260. 165. 133.47. 0.00104. 0.001.
GO:0002102. podosome. 9. 3. 0.28. 0.00223. 0.0022.
GO:0043005. neuron'projection' 583. 36. 18.27. 8.80E&05. 0.0027.
GO:0016021. integral.to.membrane. 5530. 208. 173.26. 0.00079. 0.0028.
GO:0030425. dendrite' 326. 19. 10.21. 0.00728. 0.0073.
. . . . . . .
. . . . . . .Table&
S28.4&
' ' ' ' ' 'BP' ' ' ' ' ' '





process. 1644. 22. 11.24. 0.0015. 0.0015.
GO:0043518.
negative.regulation.of.DNA.damage.response,.signal.
transduction.by.p53.class.mediator. 10. 2. 0.07. 0.002. 0.002.
GO:0045070. positive.regulation.of.viral.genome.replication. 10. 2. 0.07. 0.002. 0.002.
GO:0050650.
chondroitin.sulfate.proteoglycan.biosynthetic.
process. 11. 2. 0.08. 0.0024. 0.0024.
GO:0034504. protein'localization'to'nucleus' 228. 6. 1.56. 0.0048. 0.0048.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0044424. intracellular.part. 12113. 91. 76.88. 0.0015. 0.0039.
GO:0005730. nucleolus. 527. 9. 3.34. 0.0064. 0.0064.
GO:0043231. intracellular.membrane&bounded.organelle. 9403. 74. 59.68. 0.0037. 0.0124.
GO:0033596. TSC1ATSC2'complex' 2. 1. 0.01. 0.0127. 0.0127.
GO:0043227. membrane&bounded.organelle. 9413. 74. 59.74. 0.0038. 0.0128.
. . . . . . .220'kb' ' . . . . .
BP' ' . . . . .





transduction.by.p53.class.mediator. 10. 2. 0.03. 0.0005. 0.0005.
GO:0070647.
protein.modification.by.small.protein.conjugation.or.
removal. 510. 7. 1.73. 0.0016. 0.0016.
GO:0002316. follicular.B.cell.differentiation. 1. 1. 0. 0.0034. 0.0034.
GO:0006843. mitochondrial.citrate.transport. 1. 1. 0. 0.0034. 0.0034.
GO:0035280.
miRNA.loading.onto.RISC.involved.in.gene.silencing.
by.miRNA. 1. 1. 0. 0.0034. 0.0034.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0043229. intracellular.organelle. 10398. 42. 32.4. 0.0045. 0.0075.
GO:0030173. integral'to'Golgi'membrane' 45. 2. 0.14. 0.0087. 0.0087.
GO:0000138. Golgi'trans'cisterna' 4. 1. 0.01. 0.0124. 0.0124.
GO:0032437. cuticular'plate' 4. 1. 0.01. 0.0124. 0.0124.
GO:0005634. nucleus. 5740. 26. 17.88. 0.0154. 0.0154.
. . . . . . .600'kb' . . . . . .
BP' ' . . . . .
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0043491. protein.kinase.B.signaling.cascade. 66. 3. 0.26. 0.0022. 0.0022.
! 98!
GO:0009887. organ.morphogenesis. 753. 9. 2.94. 0.0024. 0.0024.
GO:0010604.
positive.regulation.of.macromolecule.metabolic.
process. 1644. 14. 6.42. 0.0037. 0.0037.
GO:0000073. spindle'pole'body'separation' 1. 1. 0. 0.0039. 0.0039.
GO:0006175. dATP.biosynthetic.process. 1. 1. 0. 0.0039. 0.0039.
. . . . . . .CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' Classic'Fisher'
Elim'
Fisher'
GO:0044451. nucleoplasm.part. 793. 8. 2.84. 0.007. 0.007.
GO:0033596. TSC1ATSC2'complex' 2. 1. 0.01. 0.0071. 0.0071.
GO:0008287. protein.serine/threonine.phosphatase.complex. 51. 2. 0.18. 0.0143. 0.0143.
GO:0001940. male.pronucleus. 5. 1. 0.02. 0.0178. 0.0178.
GO:0005797. Golgi'medial'cisterna' 5. 1. 0.02. 0.0178. 0.0178.
&
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. . . .
ENSG00000156030. C14orf43.
ENSG00000183230. CTNNA3...
. . . .
ENSG00000156110. ADK.
ENSG00000184156. KCNQ3....
. . . .
ENSG00000156976. EIF4A2.
ENSG00000184226. PCDH9....
. . . .
ENSG00000157637. SLC38A10.
ENSG00000184254. ALDH1A3..
. . . .
ENSG00000157800. SLC37A3.
ENSG00000184304. PRKD1....
. . . .
ENSG00000159140. SON.
ENSG00000184347. SLIT3....
. . . .
ENSG00000159579. RSPRY1.
ENSG00000185008. ROBO2....
. . . .
ENSG00000162065. TBC1D24.
ENSG00000185345. PARK2....
. . . .
ENSG00000162613. FUBP1.
ENSG00000186094. AGBL4....
. . . .
ENSG00000164330. EBF1.
ENSG00000187957. DNER.....
. . . .
ENSG00000164880. INTS1.
ENSG00000188641. DPYD.....
. . . .
ENSG00000164970. C9orf25.
ENSG00000189056. RELN.....
. . . .
ENSG00000165572. KBTBD6.
ENSG00000189283. FHIT.....
. . . .
ENSG00000165689. SDCCAG3.
ENSG00000196628. TCF4.....
. . . .
ENSG00000167522. ANKRD11.
ENSG00000196712. NF1......
. . . .
ENSG00000167978. SRRM2.
ENSG00000196876. SCN8A....
. . . .
ENSG00000168386. FILIP1L.
ENSG00000197157. SND1.....
. . . .
ENSG00000168675. C18orf1.
ENSG00000197381. ADARB1...
. . . .
ENSG00000168763. CNNM3.
ENSG00000198947. DMD......
. . . .
ENSG00000169398. PTK2.
ENSG00000221866. PLXNA4...
. . . .
ENSG00000169826. CSGALNACT2.
ENSG00000249108. CLTCL1...
. . . .
ENSG00000171310. CHST11.
ENSG00000152910. CNTNAP4.
. . . .
ENSG00000173442. EHBP1L1.
ENSG00000176884. GRIN1.
. . . .
ENSG00000173451. THAP2.
. . . . . .
ENSG00000173482. PTPRM.
. . . . . .
ENSG00000174197. MGA.
. . . . . .
ENSG00000179364. PACS2.
. . . . . .
ENSG00000182670. TTC3.
. . . . . .
ENSG00000183513. C2orf64.
. . . . . .
ENSG00000184575. XPOT.
. . . . . .
ENSG00000184743. ATL3.
. . . . . .
ENSG00000185722. ANKFY1.
. . . . . .
ENSG00000186566. GPATCH8.
. . . . . .
ENSG00000187742. SECISBP2.
. . . . . .
ENSG00000189079. ARID2.
. . . . . .
ENSG00000196284. SUPT3H.
. . . . . .
ENSG00000196628. TCF4.
. . . . . .
ENSG00000197102. DYNC1H1.
. . . . . .
ENSG00000197782. ZNF780A.
. . . . . .
ENSG00000197943. PLCG2.
. . . . . .
ENSG00000198964. SGMS1.
. . . . . .
ENSG00000204569. PPP1R10.
. . . . . .
ENSG00000240771. ARHGEF25.
! 101!
. . . . . .
ENSG00000244509. APOBEC3C.
. . . . . .
ENSG00000254726. MEX3A.




Ensembl'ID' Gene' Head'size' OphthalAmological' Epilepsy' Urogenital' Psychiatric' BMI/growth'












encephalopathy. . schizophrenia. .
ENSG00000103528 SYT17. . . . . . .
ENSG00000157637 SLC38A10. . . . . . .
ENSG00000130508 PXDN. .
ocular.
anomalies. . Hydrocele. . .
ENSG00000026508 CD44. . . . . . .
ENSG00000153575 TUBGCP5.
microcephaly,.
syndromic. . . . . .














syndromic. . . . . .









Table& S30:& Enrichment& of& ASD& associated& genes& in& the& 4C]modified& genes&
(Table& S30.1),& of& "high& confidence"& ASD& target& genes& identified& in& whole&
exome& sequencing& studies& (De& Rubeis& et& al.,& 2014;& Iossifov& et& al.,&
2014)(TableS30.2),& of& ciliary&genes& (van&Dam,&2013)(Table&S30.3),& and&of&
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S30.2&
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.
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. . . . . . 'Table&
S30.3&
. . . .
.










pAvalue' OR' 5%'CI' 95%'CI' Reference'list'
. .493. 1193. 40. 3.02E&02. 1.5. 1.0. 2.0. van.Dam,.2013.
. .
. . . . .
.
. . . .
. . . . . . . . . .Table&
S30.4&
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. . . . . . . . . .Table&
S30.5&





























SH2B1' LAT' MVP' KCTD3' ALDOA' TBX6' MAPK3'
PAvalue' 2.64E&05. 5.57E&05. 3.48E&04. 2.93E&03. 1.22E&04. 3.96E&03. 6.05E&04.
' . . . . . . .Interactions'
observed' 47. 237. 155. 54. 88. 117. 101.
' . . . . . . .Interactions'
expected' 2.42E+01. 1.82E+02. 1.16E+02. 3.59E+01. 5.76E+01. 9.02E+01. 7.15E+01.
' . . . . . . .Proteins' 187. 444. 323. 205. 273. 279. 243.
&
&
Table&S33:&Top&15&biological&processes& (BP)&and&cell& component& (CC)&per&





& & & ! ! !220'kb' . . . . . .
BP' ' ' ' ' ' '




process. 15. 4. 0.41. 0.00061. 0.00061.
GO:0071109'
superior'temporal'gyrus'
development' 2' 2' 0.06' 0.00076' 0.00076'
GO:0051923. sulfation. 16. 4. 0.44. 0.00079. 0.00079.
GO:0006584.
catecholamine.metabolic.
process. 43. 6. 1.18. 0.00108. 0.00108.




via.single&strand.annealing. 4. 2. 0.11. 0.00437. 0.00437.
GO:0042373. vitamin.K.metabolic.process. 4. 2. 0.11. 0.00437. 0.00437.
GO:0006733.
oxidoreduction.coenzyme.
metabolic.process. 57. 6. 1.57. 0.00466. 0.00466.
GO:0009812. flavonoid.metabolic.process. 13. 3. 0.36. 0.00482. 0.00482.
GO:0048041' focal'adhesion'assembly' 27' 4' 0.74' 0.00602' 0.00602'
GO:2000344'
positive'regulation'of'
acrosome'reaction' 5' 2' 0.14' 0.00716' 0.00716'
! 104!
GO:0007596. blood.coagulation. 507. 24. 13.96. 0.00718. 0.00718.
GO:0007519.
skeletal.muscle.tissue.
development. 149. 10. 4.1. 0.00825. 0.00825.
GO:0046700. heterocycle.catabolic.process. 872. 38. 24.01. 0.00345. 0.00873.
GO:0016079' synaptic'vesicle'exocytosis' 30' 4' 0.83' 0.00881' 0.00881'
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0034704' calcium'channel'complex' 31' 5' 0.83' 0.0013' 0.0013'
GO:0031463'
Cul3ARING'ubiquitin'ligase'
complex' 10' 3' 0.27' 0.002' 0.002'




complex. 4. 2. 0.11. 0.0041. 0.0041.
GO:0001772. immunological.synapse. 15. 3. 0.4. 0.0068. 0.0068.
GO:0005923. tight.junction. 86. 7. 2.3. 0.0082. 0.0082.
GO:0005737. cytoplasm. 8838. 263. 236.62. 0.0073. 0.0092.
GO:0031082. BLOC.complex. 7. 2. 0.19. 0.0137. 0.0137.
GO:0031083. BLOC&1.complex. 7. 2. 0.19. 0.0137. 0.0137.
GO:0044449. contractile.fiber.part. 128. 8. 3.43. 0.0219. 0.0219.
GO:0044456' synapse'part' 342' 16' 9.16' 0.0224' 0.0224'
GO:0005891'
voltageAgated'calcium'channel'
complex' 23' 3' 0.62' 0.0227' 0.0227'
GO:0005874' microtubule' 319' 15' 8.54' 0.0254' 0.0254'
GO:0002095.
caveolar.macromolecular.
signaling.complex. 1. 1. 0.03. 0.0268. 0.0268.
GO:0008352. katanin.complex. 1. 1. 0.03. 0.0268. 0.0268.
600'kb' . . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0045747'
positive'regulation'of'Notch'
signaling'pathway' 8' 4' 0.36' 0.00026' 0.00026'
GO:0046854'
phosphatidylinositol'




process. 15. 5. 0.68. 0.00039. 0.00039.
GO:0007411' axon'guidance' 357' 31' 16.22' 0.00043' 0.00043'
GO:0043149. stress.fiber.assembly. 32. 7. 1.45. 0.00048. 0.00048.




signaling.pathway. 585. 43. 26.58. 0.0013. 0.0013.
GO:0048096.
chromatin&mediated.
maintenance.of.transcription. 6. 3. 0.27. 0.00168. 0.00168.
GO:0016074. snoRNA.metabolic.process. 2. 2. 0.09. 0.00206. 0.00206.
GO:0016573. histone.acetylation. 101. 12. 4.59. 0.00206. 0.00206.
GO:0000132'
establishment'of'mitotic'
spindle'orientation' 13' 4' 0.59' 0.00217' 0.00217'
GO:0007520. myoblast.fusion. 14. 4. 0.64. 0.00293. 0.00293.
GO:0050919. negative.chemotaxis. 14. 4. 0.64. 0.00293. 0.00293.
GO:0033554. cellular.response.to.stress. 1031. 65. 46.84. 0.00437. 0.00437.
GO:0000738.
DNA.catabolic.process,.
exonucleolytic. 8. 3. 0.36. 0.0044. 0.0044.
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0008305' integrin'complex' 29' 6' 1.3' 0.00155' 0.0016'
! 105!
GO:0005887. integral.to.plasma.membrane. 1281. 81. 57.36. 0.00096. 0.005.
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.13. 0.00583. 0.0058.
GO:0005829. cytosol. 2279. 126. 102.04. 0.0064. 0.0064.
GO:0005751.
mitochondrial.respiratory.
chain.complex.IV. 4. 2. 0.18. 0.01131. 0.0113.
GO:0045277. respiratory.chain.complex.IV. 4. 2. 0.18. 0.01131. 0.0113.
GO:0030425' dendrite' 326' 24' 14.6' 0.01194' 0.0119'
GO:0005912. adherens.junction. 178. 15. 7.97. 0.01409. 0.0141.
GO:0005942'
phosphatidylinositol'3Akinase'
complex' 13' 3' 0.58' 0.01827' 0.0183'
GO:0005654. nucleoplasm. 1505. 84. 67.39. 0.0201. 0.0201.
GO:0044456' synapse'part' 342' 24' 15.31' 0.02022' 0.0202'
GO:0005665.
DNA&directed.RNA.polymerase.
II,.core.complex. 14. 3. 0.63. 0.02249. 0.0225.
GO:0090544. BAF&type.complex. 14. 3. 0.63. 0.02249. 0.0225.
GO:0030496' midbody' 65' 7' 2.91' 0.02575' 0.0257'
GO:0030877.
beta&catenin.destruction.
complex. 6. 2. 0.27. 0.02663. 0.0266.
. . . . . . .Table'
S33.2'
' . . . . .SH2B1'
. . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'




via.single&strand.annealing. 4. 2. 0.04. 0.00051. 0.00051.
GO:0006729.
tetrahydrobiopterin.
biosynthetic.process. 6. 2. 0.06. 0.00126. 0.00126.
GO:0019369.
arachidonic.acid.metabolic.
process. 12. 2. 0.11. 0.00534. 0.00534.
GO:0009060. aerobic.respiration. 39. 3. 0.36. 0.00565. 0.00565.
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.03. 0.00024. 0.00024.
GO:0001772. immunological.synapse. 15. 3. 0.14. 0.00031. 0.00031.
GO:0005852.
eukaryotic.translation.initiation.
factor.3.complex. 15. 2. 0.14. 0.00792. 0.00792.
GO:0031673. H.zone. 1. 1. 0.01. 0.00906. 0.00906.
GO:0045335. phagocytic.vesicle. 18. 2. 0.16. 0.01134. 0.01134.
LAT' . . . . . .
BP' ' ' ' ' ' '




process. 15. 4. 0.34. 0.00028. 0.00028.
GO:0051923. sulfation. 16. 4. 0.36. 0.00036. 0.00036.
GO:0071109'
superior'temporal'gyrus'
development' 2' 2' 0.04' 0.0005' 0.0005'
GO:0016559. peroxisome.fission. 3. 2. 0.07. 0.00148. 0.00148.
GO:0007519.
skeletal.muscle.tissue.
development. 149. 10. 3.34. 0.00194. 0.00194.
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'




complex. 10. 3. 0.22. 0.00113. 0.00113.




complex. 4. 2. 0.09. 0.00281. 0.00281.
GO:0001772. immunological.synapse. 15. 3. 0.33. 0.00394. 0.00394.
MVP' . . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0006584.
catecholamine.metabolic.
process. 43. 5. 0.67. 0.00054. 0.00054.




via.single&strand.annealing. 4. 2. 0.06. 0.00144. 0.00144.
GO:0042098. T.cell.proliferation. 110. 7. 1.73. 0.00173. 0.00173.
GO:0007163'
establishment'or'maintenance'
of'cell'polarity' 89' 6' 1.4' 0.00275' 0.00275'
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.05. 0.00077. 0.00077.
GO:0001772. immunological.synapse. 15. 3. 0.24. 0.00163. 0.00163.
GO:0001891. phagocytic.cup. 23. 3. 0.37. 0.00576. 0.00576.
GO:0030141. secretory.granule. 243. 10. 3.91. 0.00616. 0.00616.
GO:0030672' synaptic'vesicle'membrane' 47' 4' 0.76' 0.00681' 0.00681'
KCTD13'
. . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'




via.single&strand.annealing. 4. 2. 0.04. 0.00058. 0.00058.
GO:0006584.
catecholamine.metabolic.








antigenic.stimulus. 7. 2. 0.07. 0.00198. 0.00198.
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.03. 0.00027. 0.00027.
GO:0001772. immunological.synapse. 15. 3. 0.14. 0.00035. 0.00035.
GO:0070603. SWI/SNF&type.complex. 58. 4. 0.55. 0.0022. 0.0022.
GO:0005833. hemoglobin.complex. 13. 2. 0.12. 0.00648. 0.00648.
GO:0005665.
DNA&directed.RNA.polymerase.
II,.core.complex. 14. 2. 0.13. 0.00752. 0.00752.
ALDOA'
. . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0016074. snoRNA.metabolic.process. 2. 2. 0.03. 0.00017. 0.00017.
GO:0006584.
catecholamine.metabolic.
process. 43. 5. 0.57. 0.00025. 0.00025.
GO:0051561.
elevation.of.mitochondrial.
calcium.ion.concentration. 3. 2. 0.04. 0.00052. 0.00052.
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GO:0009812. flavonoid.metabolic.process. 13. 3. 0.17. 0.00059. 0.00059.
GO:0046854'
phosphatidylinositol'
phosphorylation' 15' 3' 0.2' 0.00092' 0.00092'
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.04. 0.00049. 0.00049.
GO:0001772. immunological.synapse. 15. 3. 0.19. 0.00086. 0.00086.
GO:0008385. IkappaB.kinase.complex. 9. 2. 0.12. 0.00564. 0.00564.
GO:0005887. integral.to.plasma.membrane. 1281. 27. 16.56. 0.00817. 0.00817.
GO:0016604. nuclear.body. 272. 9. 3.52. 0.00906. 0.00906.
TBX6'
. . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0009812. flavonoid.metabolic.process. 13. 3. 0.19. 0.00076. 0.00076.
GO:0006450.
regulation.of.translational.




via.single&strand.annealing. 4. 2. 0.06. 0.00122. 0.00122.
GO:0042373. vitamin.K.metabolic.process. 4. 2. 0.06. 0.00122. 0.00122.
GO:0007596. blood.coagulation. 507. 20. 7.33. 4.80E&05. 0.00132.
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.04. 0.00058. 0.00058.
GO:0008305. integrin.complex. 29. 4. 0.4. 0.00067. 0.00067.
GO:0001772. immunological.synapse. 15. 3. 0.21. 0.00108. 0.00108.
GO:0005751.
mitochondrial.respiratory.
chain.complex.IV. 4. 2. 0.06. 0.00114. 0.00114.
GO:0031674. I.band. 68. 5. 0.95. 0.0026. 0.0026.
MAPK3' . . . . . .
BP' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0010226' response'to'lithium'ion' 28' 4' 0.34' 0.00033' 0.00033'
GO:0009812. flavonoid.metabolic.process. 13. 3. 0.16. 0.00045. 0.00045.




via.single&strand.annealing. 4. 2. 0.05. 0.00085. 0.00085.
GO:0006584.
catecholamine.metabolic.
process. 43. 4. 0.52. 0.00174. 0.00174.
CC' ' ' ' ' ' '
GO.ID' Term' Annotated' Significant' Expected' classicFisher' elimFisher'
GO:0033557. Slx1&Slx4.complex. 3. 2. 0.04. 0.00041. 0.00041.
GO:0005634. nucleus. 5740. 91. 67.23. 0.00032. 0.00059.
GO:0008305. integrin.complex. 29. 3. 0.34. 0.00462. 0.00462.
GO:0030131. clathrin.adaptor.complex. 32. 3. 0.37. 0.00612. 0.00612.
GO:0005665.
DNA&directed.RNA.polymerase.






Table& S34:& Enrichment& of& SFARI]ASD,& ID/DD,& Schizophrenia& and& BMI& in&
BRICKs& genes& (Fisher's& exact& test).& Table& S34.4:& Enrichment& of& "high&
confidence"& ASD& target& genes& in& SFARI& (Categories& S,& 1,& 2;&























78. 1.65E&08. 2.1. 1.7. 2.8. SFARI.Autism.Research.(March.
2014).
ID/DD. 203. 17. 3.20E&01. 1.3. 0.7. 2.1. Reference&based.
Schizophrenia. 214. 17. 4.08E&01. 1.2. 0.7. 2.0.
Girard,.2011;.Xu,.2011;.Xu,.
2012.
BMI. 541. 30. 3.36E&01. 0.8. 0.5. 1.2. Vimaleswaran,.2012.
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54. 5.71E&06. 2.0. 1.5. 2.7.
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(SH2B1). 11. 6.07E&02. 1.8. 0.9. 3.4.
SFARI.Autism.Research.(March.
2014).
484.(LAT). 25. 5.58E&03. 1.9. 1.2. 2.8.
347.(MVP). 23. 2.56E&04. 2.4. 1.5. 3.7.
232.
(KCTD13). 9. 3.26E&01. 1.4. 0.6. 2.6.
299.
(ALDOA). 14. 7.91E&02. 1.7. 0.9. 2.9.
303.(TBX6). 17. 8.92E&03. 2.0. 1.2. 3.3.
259.
(MAPK3).
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Abstract&Copy!number!variants!(CNVs)!of!the!distal!16p11.2!220!kb!BP2^BP3!region!show!mirror! effect! on! BMI! and! head! size,! and! association! with! autism! spectrum!disorders! (ASD)! and! schizophrenia,! as! reported! previously! for! the! proximal!16p11.2!600!kb!BP4^BP5!deletion!and!duplication.!These!two!CNV^prone!regions!are! also! engaged! reciprocally! in! complex! chromatin! looping! confirmed! by! 4C,!FISH,!Hi^C! and! concomitant! expression! changes.!We! assessed! the! 220! kb!BP2^BP3! duplication! by! overexpressing! each! of! the! nine! encompassed! human!transcripts,!CD19,!NFATC2IP,#ATXN2L,#TUFM,#ATP2A1,#RABEP2,#SPNS1,!LAT! and#
SH2B1,! in! zebrafish! embryos.! Overexpression! of! the! linker! for! activation! of! T!cells! (LAT)! induced! a! reduction! of! proliferating! cells! in! the! brain,! a! reduced!number! of! post^mitotic! neurons! in! the! anterior! forebrain! at! 2! days^post^proliferation! (dpf),! and! of! intertectal! axonal! tracts! at! 3dpf,! resulting! in!microcephaly! at! later! stages.!We! found! similar! effects! upon! overexpression! of!
CD247!and!ZAP70,!two!genes!encoding!members!of!the!immune!system!signaling!pathway!mediated!by!LAT.!Co^injections!experiments!showed!that!KCTD13,#MVP,!and# MAPK3! (major! driver! and! modifiers! of! the! 600! kb! BP4^BP5! syndromes,!respectively)! showed! that! these! genes! interacted! with! LAT! in! an! additive!manner,! and! co^injected! embryos! exhibited! an! increased! severity! of! the!microcephaly! compared! to! single^injected!embryos,! suggesting! the!presence!of!genetic!interaction.!Taken!together,!our!results!suggest!that!LAT,!besides!its!well^recognized!function!in!T^cells!development,!is!a!major!contributor!of!the!16p11.2!(BP2^BP3)!220!kb!CNV^associated!neurodevelopmental!phenotypes.!!!!
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Introduction&A!major!challenge!in!the!interpretation!of!CNV!spanning!over!large!regions!and!encompassing! several! genes! is! the! identification! of! the! critical! locus! whose!dosage! sensitivity! drives! the! phenotype.! Deletions! and! duplications! at! the!16p11.2! 600! kb! BP4^BP5! regions! are! among! the! most! frequent! causes! of!neurodevelopmental!and!neuropsychiatric!disorders1^4! and!are!associated!with!mirror! phenotypes! on! body! mass! index! (BMI),! head! circumference! (HC),! and!brain! volume5,!6.! Distal! to! this! region,! the! 16p11.2! 220! kb! BP2^BP3! locus!was!initially!described!for!the!enrichment!of!its!deletion!in!patients!with!early^onset!obesity! compared! to!unscreened!population! controls7,!8.! This!deletion!was! also!implicated! in! developmental! delay,! intellectual! disability,! ASD! and! defined! as!well^replicated! schizophrenia^associated! CNV! locus2,!9,! 10.! However,! the! clinical!significance! of! the! reciprocal! duplication! of! the! same! interval! was! never! fully!assessed.!As!a!preliminary!study,!we!recently!assessed!the!phenotypic!features!associated!with! the! 16p11.2! 220! kb! BP2^BP3! deletion! and! reciprocal! duplication,! by!collecting! clinical! data! on! 137! unrelated! carriers! (88! deletions! and! 49!duplications).!We!compared!their!BMI!and!HC!to!gender^,!age^!and!geographical!location^matched! reference! populations! (Loviglio! et! al.,! under! review;! see!
Chapter&1).!The!BMI!mean!Z^score!of!deletion!carriers!differed!significantly!from!that!of!the!general!population!(t^test,!P=3.1e^14),!confirming!the!aforementioned!association! of! the! deletion! with! obesity8,! 11.! Similarly,! we! observed! a! trend!towards! an! increased! HC! in! deletions.! The! duplication! carriers! showed! a!mirroring!decrease!of!BMI!and!HC!values!when!compared!to!those!of!the!control!population!(t^test,!P=0.005!and!1.1e^4,!respectively).!Our!results!indicate!that!the!16p11.2! 220! kb! deletion! and! reciprocal! duplication! oppositely! affect! growth!parameters,!with!an!early^onset! in!childhood,!and!a!strong!gender^bias! toward!male! carriers! (unpublished! data).! We! also! observed! an! increase! in! ASD!prevalence!in!both!deletion!(23/88;!26%)!and!duplication!(11/49;!22%)!carriers!compared!to!the!general!population!(5,338/363,749)12(Fisher’s!enrichment!test:!OR=23.7,!P=2.5e^22;!OR=19.4,!P=1.2e^10).!Thus,!genomic!rearrangements!at!both!600! kb! BP4^BP5! and! 220! kb! BP2^BP3,! two! loci! 650! kb! apart! present! similar!
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clinical! patterns:! large! effect! sizes! on! BMI! and!HC,! as!well! as! association!with!ASD.!These!rearrangements!represent!a!unique!opportunity!to!study!the!etiology!of! neuropsychiatric! and! energy! balance! disorders! and! their! underlying!pathophysiological!pathways.!!The! 220! kb! interval! encompasses! nine! genes:!ATXN2L,#TUFM,# SH2B1,#ATP2A1,#
RABEP2,#CD19,#NFATC2IP,#SPNS1!and!LAT.!SH2B1!was!suggested!to!be!a!crucial!candidate! for! the! obesity! phenotype! as! it! encodes! a! Src! homology! adaptor!protein! involved! in! leptin! and! insulin! signaling13,! 14.! Common! variants! in! this!locus! were! repeatedly! associated! with! BMI,! serum! leptin! and! body! fat! in!genome^wide!association!studies!(GWAS)15^18,!whereas!rare!dominant!mutations!were!reported!to!cause!obesity,!social!isolation,!aggressive!behavior!and!speech!and! language! delay19.! It! is! however! unclear! whether! the! complex! phenotype!associated! with! the! 16p11.2! 220! kb! rearrangements! are! resulting! from!imbalance!of!one!or!several!of!the!nine!gene(s)!mapping!to!this!genomic!interval.!The! zebrafish! embryo! is! emerging! as! a!powerful! in#vivo!model! in! translational!medicine! and! notably! in! neuroscience! and! neurogenetics! due! to! the! high!evolutionary!conservation!of!key!genes!and!pathways!in!this!animal!model20.!HC!defects!observed!at!birth!or!during! infancy! is! a! key!diagnostic! feature! for!ASD!and!other!major!neurological!disorders21.!In!such!instance,!the!measurement!of!the!head!size!of!zebrafish!embryo!is!a!powerful!proxy!to!identify!causal!genes!for!micro^!and!macrocephaly,!often!associated!with!disease!in!humans22,!as!well!as!a!valuable! alternative! to! the! generation! of! mouse! models,! where! systematic!engineering!of!multiple!genes!is!more!expensive!and!time^consuming!even!in!the!burgeoning!CRISPR^CAS9!era.!Golzio!et!al.!developed!a!surrogate!measurement!for!head!size!at!4.25–4.5!d.p.f.!using!objective!measurements,!with!the!distance!across! the! convex! tips! of! the! eye! cups! recorded! blindly! in! 50! embryos! per!injection23.!Given! the! strong! association! between! the! 16p11.2! 220! kb! BP2^BP3! CNVs! and!head!size!defects!and!ASD!and!the!above^described!successes,!we!used!zebrafish!embryos!as!an!in#vivo!model!to!identify!the!causal!gene(s)!for!the!microcephaly!phenotype.!!!
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!
Materials&and&Methods&In!vivo!analysis!of!gene!expression!and!embryo!manipulations&For! overexpression! experiments,! the! human! wild^type! mRNAs! (CD19# VNM_001178098,! NFATC2IP# V# NM_032815,# ATXN2L# V! NM_007245,# TUFM# ^!NM_003321,!ATP2A1!^!NM_004320,#RABEP2#V!NM_024816,#SPNS1#V!NM_032038,!
LAT! ^!NM_001014987,!SH2B1#V!NM_001145795,#CD247! isoform1! ^!NM_000734,!
CD247! isoform2!^!NM_198053,!ZAP70! isoform1!^!NM_001079,#ZAP70! isoform2!^!NM_207519)!were!cloned!into!the!pCS2!vector!and!transcribed!in#vitro!using!the!SP6!Message!Machine!kit!(Ambion).!We!injected!1!nl!of!diluted!RNA!(50,!100!or!150! ng)! into! wild^type! zebrafish! embryos! at! the! 1^! to! 2^cell! stage.! Injected!embryos! were! scored! at! 4.25! d.p.f.! for! the! head! size! and! classified! into! two!groups,!normal!and!mutant,!on!the!basis!of!the!relative!head!size!compared!with!age^matched!controls! from!the!same!clutch.!All! the!experiments!were!repeated!three! times! and! a! t^test! was! performed! to! determine! the! significance! of! the!morphant!phenotype.!!
!
Zebrafish!whole^mount!immunostaining&Embryos!were!fixed!in!4%!PFA!overnight!and!stored!in!100%!methanol!at!−20!°C.!For!acetylated! tubulin! staining,! embryos!were! fixed! in!Dent’s! fixative! (80%!methanol,! 20%! dimethylsulphoxide! (DMSO))! overnight! at! 4! °C.! The! embryos!were!permeabilized!with!proteinase!K,! then!postfixed!with!4%!PFA,!washed! in!PBSTX!(PBS+0.5%,!Triton!X^100).!After!rehydration! in!PBS,!PFA^fixed!embryos!were!washed! in! IF! buffer! (0.1%! Tween^20,! 1%! BSA! in! PBS! 1×)! for! 10!min! at!room! temperature.! The! embryos! were! incubated! in! the! blocking! buffer! (10%!FBS,! 1%!BSA! in! PBS! 1×)! for! 1! h! at! room! temperature.! After! two!washes! in! IF!Buffer! for!10!min!each,! embryos!were! incubated! in! the! first! antibody! solution,!1:750! anti^histone! H3! (ser10)^R,! (sc^8656^R,! Santa! Cruz),! 1:1000! anti^HuC/D!(A21271,!Invitrogen),!1:1000!anti^acetylated!tubulin!(T7451,!Sigma^Aldrich),! in!blocking! solution,! overnight! at! 4! °C.! After! two!washes! in! IF! Buffer! for! 10!min!each,!embryos!were!incubated!in!the!secondary!antibody!solution,!1:1000!Alexa!
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Fluor! donkey! anti^rabbit! IgG! and! Alexa! Fluor! goat! anti^mouse! IgG! (A21207,!A11001,! Invitrogen),! in!blocking!solution,! for!1!h!at!room!temperature.!For!the!anti^H3!protocol,!staining!levels!were!tested!by!counting!positive!cells!in!defined!regions!of!the!head!using!the!ImageJ!software.!!
&!
Results&
In#vivo!testing!of!16p11.2!220!kb!BP2^BP3!CNV!genes&We!first!assessed!if!the!nine!genes!encompassed!within!the!16p11.2!220kb!BP2^BP3! region,! i.e.!CD19,!NFATC2IP,#ATXN2L,#TUFM,#ATP2A1,#RABEP2,# SPNS1,! LAT!and# SH2B1,# had! orthologous! genes! in! the! zebrafish! genome! by! performing!reciprocal! BLAST! (basic! local! alignment! search! tool).! Seven! genes! (NFATC2IP,!
ATXN2L,#TUFM,#SH2B1,#ATP2A1,#RABEP2#and#SPNS1)!have!orthologs!in!zebrafish,!all! mapping! in! a! syntenic! locus! on! chromosome! 3! in! single! copy,! with! the!exception! of! atp2a1,! which! has! a! paralog,! atp2a1l! (89%! identical),! on!chromosome!12.!The! remaining! two!genes,!CD19! and!LAT! appear! to!be!absent!from!the!zebrafish!genome,!even!if!a!sequence!similar!to!LAT!(27%!identical!at!the!amino!acid! level)! is!present! in! the!syntenic!chromosome!3!region!between!the! genes! atxn2l! and! spns1.! These! two! genes! are! involved! in! the! immune!response! of! B^! and! T^cells,! respectively.!CD19! acts! as! a! co^receptor! to! amplify!signals! from! the! pre^B^cell! antigen! receptor! (BCR)! thus!modulating! B^cell! fate!decisions! at! multiple! stages! of! development24.! LAT! is! a! membrane^associated!adaptor!protein!which,!upon!stimulation!of!the!T^cell!receptor!(TCR),!selectively!induces!pathways!critical!for!T^cell!activation!and!adaptive!immune!response25,!26.!!Similarly! to! the! classic! Drosophila! misexpression! experiments,! we! generated!capped!messenger!RNA!for!these!human!genes!and!modeled!the!duplication!by!overexpressing! each! individual! human! transcript! in! zebrafish! embryos.! To!achieve! substantial! overexpression! above! the! baseline! of! any! single! transcript,!we!typically!used!an! injection!amount,!corresponding!to!0.25–0.5%!of! the!total!polyA! mRNA! found! in! a! zebrafish! embryo27.! Previous! studies! confirmed! the!persistence!of!the!injected!human!mRNAs!in!zebrafish!up!to!4.5!dpf23.!To!test!the!
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effect!of!the!overexpression!of!each!transcript,!we!injected!separately!50!or!100!pg!of!RNA!encoding!each!of! the!nine!candidate!genes! into!the!zebrafish!yolk!at!the! single^! or! two^cell! stage.! We! did! not! observe! toxicity,! lethality! or! gross!morphological! defects! upon! injection.! Next,! we! determined! the! level! of! cell!proliferation! in! the! zebrafish! head! by! immunostaining! with! an! anti^phospho^histone!H3!antibody,!a!M^phase!marker!(Figure&1A).! Injection!of! the! linker! for!activation! of! T^cells! (LAT)! messenger! resulted! in! a! decreased! number! of!proliferating! head! cells! at! 2! dpf! (two^tailed! t^test! P=2.6E^17)! (Figure& 1B]C);! in!contrast,! the! proliferating! cells! count! of! the! embryos! injected! with! the! eight!other! transcripts! was! not! significantly! different! from! that! of! control! embryos!(Figure& 1A).! Furthermore,! the! observed! effect! was! dosage^dependent,! since!increasing! amounts! of# LAT#mRNA! (50! and! 100pg)! resulted! in! an! increased!reduction! of! cell! proliferation! (Figure& 1A).! This! decrease! was! specific! to! the!brain!(two^tailed!t^test!P=5.03E^16)!as!no!effect!was!detected!in!the!eye!(P=0.12)!(Figure&1B]C).!Such!zebrafish!phenotype!is!often!associated!with!microcephaly!at! later!developmental!stages!(e.g.!KCTD13,!AUTS2!and!BTG2)23,!28,!29.!To!further!assess!this!possibility,!we!measured!the!head!size!at!4.25–4.5dpf!in!control!and!
LAT! mRNA^injected! embryos.! ! We! observed! that! increasing! amounts! of! LAT!mRNA! injected! into! zebrafish! embryos! (100! and! 150pg)! yielded! a! significant!increase! in! the!percentage!of!embryos!with!microcephaly!at! this! stage! (Figure&
S1,!Figure&1D]E)!!(measurement!of!the!distance!between!the!eyes!in!LAT^150pg!RNA^injected! embryos! compared! to! controls,! two^tailed! t^test! P=2.96E^8;!measurement!of!the!head!size,!two^tailed!t^test!P=3.14E^5).&!Genetic!interaction!between!LAT!and!the!16p11.2!600kb!BP4^BP5!CNV!driver!
KCTD13!and!modifiers!MVP/MAPK3%Manipulation!of!LAT!expression!leads!to!head!size!differences!mimicking!the!HC!phenotype! observed! in! the! carriers! of! the! 16p11.2! 220! kb! BP2^BP3!rearrangements.! To! assess! the! possible! additional! contribution! of! the! other!genes!mapping!within!this!genomic!interval,!we!re^injected!LAT!with!each!of!the!remaining! transcripts! encompassed! by! the! BP2^BP3! region! in! pairwise!combination! and! determined! the! number! of! proliferating! cells! in! the! brain! by!
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&
Figure& 1:& & LAT& overexpression& leads& to& brain]specific& reduction& in& cell&
proliferation&and&decreased&head&size.& (A)!Bar!graph!of!phospho^histone!H3!staining.! Quantification! of! proliferating! cells! in! the! brain! of! controls! and!RNA^injected!embryos!at!2dpf!using! ImageJ! software! (http://imagej.nih.gov/ij/).!All!transcripts!were! tested!with! at! least! one!dosage! (50pg!or!100pg!or,!whenever!possible,! both).! Average! N=20! for! each! subgroup.! (B]C)! Phospho^histone! H3!staining! for! proliferating! cells! and! boxplot! representation! of! its! ImageJ!quantification! (in! the! whole! brain,! eye! and! brain! excluding! the! eye! area)! of!control! and! LAT^overexpressing! embryos! at! 2dpf.! Average! N=80! for! each!subgroup.! (D]E)! Dorsal! views! of! representative! control! and! LAT! 150pg^overexpressing!embryos!!(from!top!to!bottom)!and!boxplot!representation!of!the!measurements! (expressed! in! arbitrary! units,! a.u.)! of! the! distance! between! the!eye^cups! and! head! size! at! 4.25dpf.! Red! arrows! in! (D)! highlight! the!measured!distances.!Average!N=60!per!injection.!Significance!calculated!by!two^tailed!t^test!comparisons!between!control!and!mRNA^injected!embryos!(*!if!p!≤!0.05,!**!if!p≤!0.01,!***!if!p≤!0.001).!!Less!then!1Mb!apart!and!proximal!to!the!220!kb!locus,!the!16p11.2!600!kb!BP4^BP5!CNVs!exhibits!phenotypes!similar!to!those!found!in!BP2^BP3!CNV!carriers,!i.e.! mirror! effect! on! BMI! and! head! size,! and! association! with! ASD! and!schizophrenia1^6.!The!two!CNVs!have!also!been!shown!to!interact!preferentially!at! the! chromatin! level,! by! 4C,! FISH,! Hi^C! and! concomitant! expression!changes30(Loviglio!et!al.,!under!review,!Chapter& 1).!To! investigate!whether!the!two! regions! interact! also! genetically,! with! the! candidate! drivers! of! the! HC!phenotype!of!the!two!regions!(LAT!for!the!BP2^BP3!CNVs!and!KCTD13,!candidate!driver!and!MAPK3!and!MVP,!modifier!genes! for!BP4^BP5!CNVs),!we!co^injected!
LAT!with!mRNAs!encoding!KCTD13,#MAPK3!or!MVP!and!evaluated!the!number!of!proliferating! cells! with! phospho^H3! staining.! Single! injections! of! LAT! and!




Figure& 2.& Pairwise& injections& of& LAT& mRNA& and& the& driver& or& modifier&
transcripts& encoded& by& the& 16p11.2& 600& kb& CNV& genes& negatively& impact&
cell& proliferation& in& the& brain.& Bar! graph! of! phospho^histone! H3! staining!quantification! of! proliferating! cells! in! the! zebrafish! brain! of! 2dpf! control!embryos,! and! embryos! injected!with! LAT! and! pairwise! injections! of! LAT!with!each! of! the! 8! remaining! transcripts! in! the! 220! kb! region! (A),! LAT,! KCTD13! e!pairwise! injection! of! the! two! (B),! LAT,! and! pairwise! injection! with! KCTD13’s!modifiers!MVP/MAPK3!(C)&using!ImageJ!software!(http://imagej.nih.gov/ij/).!All!transcripts!were!tested!at!a!dosage!of!100pg.!Average!N=40!for!each!subgroup.!Significance! calculated! by! two^tailed! t^test! comparisons! between! control! and!mRNA^injected!embryos!(*!if!p≤!0.05,!**!if!p!≤!0.01,!***!if!p!≤!0.001).!




































































































!We! further! characterized! the! neuroanatomical! phenotypes! induced! by! the!overexpression! of! LAT! by! looking! at! possible! defects! in! neuron! morphology!and/or! neurogenesis! that! could! contribute! to! the! onset! of! the! microcephalic!phenotype.!Acetylated!tubulin!staining!on!3dpf!embryos!injected!with!150pg!of!
LAT! mRNA! revealed! a! significant! reduction! in! the! number! of! axon! tracts!projecting!from!the!optic!tecta!compared!to!controls!(two^tailed!t^test!P=4.4E^14)!(Figure&3A]B).!We!hypothesized!that!the!observed!phenotypes!could!be!driven!also! by! changes! in! the! number! of! cells! in! the! developing! brain.! To! test! this!possibility,!we!counted!HuC/D^positive!cells!(a!marker!for!post^mitotic!neurons).!As! shown! in! Figure& 3D,! we! observed! significant! differences! in! the! forebrain,!showing!an!over^representation!of!unilateral,!reduced!and!absent!HuC/D!protein!levels! in! the! embryos! injected! with! LAT! 150pg! compared! to! control! ones!(Fisher’s!exact!test!P=1.3E^14).!These!results!suggest!that!LAT!might!likely!cause!the!onset! of!microcephaly!by! affecting! early!neurogenesis! and! cell! projection’s!organization!in!the!zebrafish!brain.!!
LAT!induces!comparable!neuron!morphology!and!maturation!defects!as!its!TCR!signal!transduction!partners!CD247!(CD3ζ)!and!ZAP70#in!the!zebrafish!embryos&Recently,! studies! have! addressed! whether! immune! molecules! have! critical!functions!in!the!developing!brain.!For!instance,!a!previously!uncharacterized!role!in!regulating!early!neuronal!morphogenesis!was!assigned!to!CD247! (a.k.a.!(also!known!as)!CD3ζ)!and!ZAP7031^33.!Both!genes!encode!for!proteins!belonging!to!the!T^cells! receptor’s! signaling! module,! similarly! to! LAT.! We! observed! that! the!overexpression!of! the!CD247!and!ZAP70! in!zebrafish!embryos!recapitulates! the!phenotype! observed! upon! LAT! overexpression,! i.e.! the! decreased! cell!proliferation!in!the!brain!compared!to!control!embryos!(Figure&3C).!Of!note,!the!neuronal!defect!is!driven!by!ZAP70!isoform!1!but!not!isoform!2,!that!differs!from!the!canonical!one,!at! the!protein! level,! for!missing!amino!acids!1^307,!whereas!both! CD247! isoforms! produce! a! significant! decrease! in! PH3^stained! cells! (see!
Methods!and!Figure&S2).!Conversely,!HuC/D!level!assessment!in!the!forebrain!of!embryos! injected! with! CD247! isoform! 1! and! ZAP70! isoform! 1! reproduced! the!
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same! reduction! observed! upon! injection! of! LAT.! Furthermore,! we! observed! a!trend!of!increased!severity!of!CD247!compared!to!the!other!two!transcripts,!both!in!the!HuC/D!and!PH3^staining!experiments!(Figure&3D).!Taken!together,!these!studies! on! LAT!partners! confirmed! that! perturbation! of! the! signaling! pathway!mediated!by!LAT!is!necessary!for!the!proliferation!and!differentiation!of!neurons!in!the!developing!brain.!The!manipulation!of!the!expression!of!the!three!complex!partners! LAT,! ZAP70,! and! CD247! in! zebrafish! confirms! the! function! of! this!immune!T^cell!complex!in!neurogenesis,!a!function!that!was!hitherto!unknown.!!!!
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Figure&3.& The& overexpression& of&LAT& and& its& signalosome&partners&CD247&
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tubulin!(AcTub).!(B)!Boxplots!of!inter^tecta!axonal!tracts’!count!after!acetylated!Tubulin! staining! of! 3dpf! control! embryos! and! embryos! injected!with! 150pg! of!
LAT.! Average! N=80! for! each! subgroup.! (C)! Boxplots! of! phospho^histone! H3!staining!quantification!of!proliferating!cells!in!the!zebrafish!brain!of!2dpf!control!embryos,! and! embryos! injected! with! CD247! isoform1! and! ZAP70! isoform1.!Average!N=60!for!each!group.!(D)!Percentage!of!embryos!with!normal!bilateral!HuC/D!protein!levels!(blue)!or!unilateral!HuC/D!(green),!ectopic!(light!blue),!and!absent!(purple)/reduced!protein!levels!(red)!in!the!anterior!forebrain!in!embryo!batches!injected!with!LAT!150pg,!CD247!100pg!and!ZAP70!100pg!mRNAs.!HuC/D!levels!in!the!anterior!forebrain!of!the!embryo!injected!with!all!three!mRNAs!are!considerably! decreased! compared! to! those! of! the! control! embryo.! Significance!was! estimated! by! two^tailed! t^test! comparisons! between! control! and! mRNA^injected!embryos!(panels!B!and!C);!enrichment!of!“abnormal”!pattern!of!HuC/D!staining!in!the!injected!embryos!versus!controls!was!calculated!by!fisher’s!exact!test!(D)(*!if!p≤!0.05,!**!if!p≤!0.01,!***!if!p≤!0.001).&
&
Discussion&Growing! evidence! points! to! the! intimate! connection! existing! between! the!immune!and!nervous!systems.!A!reciprocal!influence!has!been!documented,!with!different! metabolites! provided! by! the! brain,! as! well! as! direct! stimulation! of!lymphoid! organs,! and! immune! system! influencing! brain’s! function! through!multiple! mechanisms34.! Disrupting! the! fine! regulation! between! circulating!immune!cells,!macrophages,!microglia!and!neurons!or!the!imbalance!in!immune!molecules!can!cause!a!pro^inflammatory!skew!and!produce!changes!in!neuronal!function35,! 36.! This! effect! is! not! limited! to! the! fetal! period! since!neurodevelopment!continues!in!infancy37.!In!particular,!susceptibility!to!ASD!can!be! substantially! influenced! through! perturbation! of! these! mechanisms.! ASD!regroups! diseases! with! different! etiologies,! one! of! which! is! the! presence! of!environmental! risk! factors! during! pregnancy,! followed! by!immunoneuroendocrine!response!from!the!mother!(a.k.a!MIA!(maternal!immune!activation))! to! the! developing! embryo/fetus38.! MIA! can! also! be! responsible! of!crude! anatomical! changes! (e.g.! enlarged! ventricles! and! small! hippocampal!volumes)! affecting! regions! that! are! critical! for! cognition39.! T! cells! have! been!recognized! to! play! a! beneficial! role! in! cognition! and! behavior40,! 41.! Severe!combined! immunodeficiency! (SCID)!seen! in!Rag1^/^! and!Rag2^/^!mice! (lacking!T!
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and!B!cells),!nude!mice!(lacking!mature!T!cells)!and!OTII!mice!(whose!T!cells!fail!at! recognizing! self^antigens)! impact! learning! and! memory! processes41^45.!Although!it!is!well!known!that!the!communication!between!the!immune!cells!and!the!central!nervous!system!(CNS)!occurs!within!the!meningeal!compartment,!the!recent!discovery!of!CNS!lymphatic!vessels!strongly!supports!the!possibility!that!immune! system! dysfunction! might! be! associated! with! brain! disorders46.!Moreover,! several! immune^related! molecules! have! been! shown! to! have!pleiotropic!functions!in!the!brain!that!can!directly!influence!synaptic!function47,!48.!!In!this!report,!we!present!the!in#vivo!functional!characterization!of!the!nine!genes!mapping!at!16p11.2!220kb!BP2^BP3! locus,!whose!CNVs!are! linked!with!mirror!effect!on!BMI!and!HC!and!associated!with!ASD!and!schizophrenia!(Loviglio!et!al.,!under! review,! Chapter& 1).! The! assessment! of! the! functional! effects! of!overexpression!of!each!genes!showed!that!the!linker!for!activation!of!T!cells,!LAT,!is! a! candidate!gene!driver! for! the!head! size!phenotypes! seen! in! carriers!of! the!220kb! rearrangements.! An! increase! of! LAT! dosage! reduces! the! number! of!dividing! cells! in! the! brain! and! mature! post^mitotic! neurons! in! the! anterior!forebrain,! resulting!at! later! stages! in!microcephaly.! Such! reduction!of! the!head!size!of!the!zebrafish!larvae!recapitulates!the!phenotype!presented!by!the!human!carriers! of! the! duplication.! Overexpression! of! LAT! affects! the! count! of! axonal!projections!between!the!optic!tecta,!a!result!that!is!particularly!intriguing!in!the!light!of!recent!findings!about!two!genes!belonging!to!the!same!pathway,!CD247#
(CD3ζ)! and! ZAP70.! These! genes! are! a! prototypical! example! of! the! increasing!number!of! immunoreceptors!found!to!have!a!role!not!only!in!immunity^related!processes,!but!also! in!brain!development,!synaptogenesis!and/or!behavior.!The!transmembrane!adaptor!signaling!protein!CD3ζ,!initially!characterized!only!in!T!lymphocytes!and!natural!killer!(NK),!similarly!to!LAT,!is!part!of!the!CD3!complex,!the! signaling! module! of! the! T^cell! receptor! responsible! for! antigenic!recognition49.! This! complex! participates! to! the! recruitment! and! activation! of!downstream! effector! molecules,! including! the! kinase! ZAP70,! which! in! turns!phosphorylates! tyrosine! residues! present! in! the! intracytoplasmic! segments! of!LAT! and! CD6,! both! representing! signal^amplification! and! diversification!
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modules50.! However,! CD247! contribution! to! dendritic! arborization,! synaptic!plasticity! and! early! neuronal! morphogenesis! through! ZAP70/Syk! kinase!activation! by! ephrineA^activated! pathway! was! highlighted! in! recent!publications31,!33,!51,!52,!confirming!the!hypothesis!of!a!novel!role!for!both!genes!in!the! nervous! system.! Their! contribution! to! dendritogenesis! and! neuritogenesis,!assessed! in!mice!and!cultured!cells,!provides!a! functional!hypothesis!about! the!impact! of! LAT# overexpression! on! cell! projections! in! zebrafish.! CD247^/^! mice!show! brain! morphological! defects!(http://www.informatics.jax.org/marker/MGI:88334),! in! particular! reduced!glutamatergic! synaptic! activity! in! the! retina! and! synaptic! plasticity! in! the!hippocampus53,! and! exhibited! impaired! learning! and! memory,! with! a! T^cell^independent!mechanism52.!In!zebrafish,!ZAP70!is!expressed!ubiquitously!in!early!development,!and!highly!and!specifically!in!the!head!from!the!16^somites!stage,!with!low!expression!level!throughout!the!rest!of!the!embryo54.!Given!the!absence!of! a!defined!LAT! ortholog! in! zebrafish,! that!prevented!us! to! suppress! the!gene!expression!by!antisense!morpholino!or!by!CRISPR/Cas9,!we! took!advantage!of!the!presence!of!orthologs!of!the!two!partners!of!LAT,!CD247!and!ZAP70,!to!assess!whether!their!overexpression!could!recapitulate!the!phenotypes!induced!by!LAT!in! the! zebrafish! embryo.! Similar! to!LAT,! we! observed! a! negative! effect! on! cell!proliferation!and!neuronal!maturation,!and!CD247!overexpression!exhibited!the!most!severe!phenotype!possibly!due!to!the!fact!that!CD247#is!the!most!upstream!component!in!the!pathway!mediated!by!LAT.!!Further!functional!analyses!are!required!to!elucidate!whether!the!phenotype!we!observed!is!due!to!a!T^cell!dependent!mechanism!or!to!a!novel!function!of#LAT!in!the! CNS,! a! compartment! where! this! gene! has! never! been! studied,! since! its!expression! was! thought! to! be! exclusive! to! T^cells,! mast! cells,! NK! cells! and!megakaryocytes55.! However,! the! GenePaint! expression! database!(http://www.genepaint.org)! reports! that! LAT! is! also! expressed! in! the! upper!layer!of!the!cortical!plate!at!E14.5,!a!region!known!to!be!implicated!in!neuronal!maturation56,! although! at! substantially! lower! level! compared! to! thymus.! Low!expression! levels! in! brain! structures,! in! particular! the! cerebellum,! are! also!reported! in! human! in! GTEX! (http://gtexportal.org/home/)57! and!
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GeneInvestigator! (https://genevestigator.com/gv/).! Furthermore,! the!phenotypes! “neuronal! loss! in! central! nervous! system”! and! “cognitive!impairment”! are! the! top! two! phenotypes! inferred! for! LAT! in! Monarch!(http://monarchinitiative.org/)! 58,! suggesting! that! we! cannot! exclude! a! T^cell!independent! mechanism! in! the! observed! phenotype.! We! therefore! propose! a!new! role! for! linker! for! activation! of! T^cells! (LAT),! besides! its! well^known!function! in! T^cells! development,! as! an! important! player! in! the! 16p11.2! (BP2^BP3)!220kb!CNVs!neurodevelopmental! phenotypes.! Further! investigations!will!be! needed! to! clarify! the! role! of! LAT! in! connection! with! the! main! driver! and!modifiers!of!the!head!size!phenotype!for!the!600kb!BP4^BP5!rearrangements!at!16p11.2,! possibly! implying! the! existence! of! genetic! interaction! (see! Thesis&













Figure& S2.& Boxplots& of& phospho]histone& H3& staining& quantification& of&
proliferating& cells& in& the& zebrafish& brain& of& 2dpf& control& embryos,& and&
embryos&injected&with&CD247&isoform1&and&2,&and&ZAP70&isoform1&and&2.!& &
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Abstract&Smith^Magenis! syndrome! (SMS)! is! a! developmental! disability/multiple!congenital! anomaly! disorder! resulting! from! haploinsufficiency! of! RAI1.# It! is!characterized! by! distinctive! facial! features,! brachydactyly,! sleep! disturbances!and! stereotypic! behaviors.! We! investigated! a! cohort! of! 15! individuals! with! a!clinical!suspicion!of!SMS,!who!showed!neither!deletion!in!the!SMS!critical!region!nor!damaging!variants!in!RAI1.!Potentially!deleterious!variants!were!identified!in!eight! of! these! subjects! using! whole^exome! sequencing.! These! changes! affect!
KMT2D,# ZEB2,# MAP2K2,# GLDC,! CASK,# MECP2,# KDM5C! and! POGZ,# known! to! be!associated! with! Kabuki! syndrome! 1,! Mowat^Wilson! syndrome,!cardiofaciocutaneous!syndrome,!glycine!encephalopathy,!mental!retardation!and!microcephaly! with! pontine! and! cerebellar! hypoplasia,! X^linked! mental!retardation!13,!X^linked!mental!retardation!Claes^Jensen!type!and!White^Sutton!syndrome,! respectively.! Analyses! of! coexpression! and! biomedical! text! mining!suggest! that! these! pathologies! and! SMS! are! part! of! the! same! disease! network.!Further! support! for! this!hypothesis!was!obtained! from! transcriptome!profiling!that!showed!that!the!expression!levels!of!both!Zeb2!and!Map2k2!are!perturbed!in!
Rai1^/^!mice.!As!an!orthogonal!approach!to!potentially!contributory!disease!gene!variants,!we!used!chromatin!conformation!capture!to!reveal!chromatin!contacts!between!RAI1!and!the!loci#flanking#ZEB2!and!GLDC,!as!well!as!between!RAI1!and!human! orthologs! of! the! genes! that! show! perturbed! expression! in! our! Rai1^/^!mouse!model.!These!holistic! studies!of!RAI1! and! its! interactions!allow! insights!into! SMS! and! other! disorders! associated! with! intellectual! disability! and!behavioral! abnormalities.!Our! findings! support! a!pan^genomic! approach! to! the!molecular!diagnosis!of!a!distinctive!disorder.!
& &
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Introduction&Smith^Magenis!syndrome!(SMS;!MIM!#182290)!is!a!rare!genomic!disorder!with!a!prevalence! of! 1! in! 15,000.! It! is! associated! with! specific! craniofacial!dysmorphology,! developmental! delay! (DD),! moderate! to! profound! intellectual!disability! (ID)! and! self^injurious! and! stereotypic! behaviors1,!2.! SMS! individuals!show! sleep! disturbance! with! frequent! daytime! napping! and! nighttime!awakenings.!They!display!restricted!interest!and!obsessional!thinking!and!social!responsiveness! scale! scores! consistent!with! autism! spectrum! disorder! (ASD)3.!They! repetitively!mouth! objects,! rock,! spin! or! twirl! their! body! and! grind! their!teeth4.!This!distinctive!profile!is!complemented!by!specific!lick!and!flip!and!self!hug!behaviors,!as!well!as!attachment!to!people5^7.!Challenging!behaviors!such!as!self^injuries,!physical!aggression!and!destructive!behavior!are!significantly!more!prevalent! in! SMS! than! in! ID!with!mixed!etiologies8.! Self^injuries! are!present! in!70^97%! of! subjects! and! include! polyembolokoilamania! (insertion! of! foreign!objects! into! bodily! orifices)! and! onychotillomania! (pulling! finger! and! toe! nails!out).!Unusual!behaviors!can!comprise!poking!others’!eyes,!forceful!hugging!and!punching!fists!through!walls!and!windows.!!Whereas!SMS!is!classically!associated!with!a!deletion!within!cytogenetic!G^band!17p11.2! that! includes! the# RAI1! gene! (about! 90%! of! subjects)! or! a! nucleotide!variant! in! that! gene! (about! 5%)1,! 9^12,! some! reports! suggested! genetic!heterogeneity! as! SMS^like! individuals! were! found! to! recurrently! harbor!deletions! of! the! 2q37.3! or! 2q23.1! cytobands! encompassing!HDAC4! and!MBD5,!respectively13^15.! Similarly,!PITX3!was!proposed! to!be! responsible! for! the! SMS^like!neurobehavioral!abnormalities!observed!in!an!individual16.!!Here! we! use! recent! advances! in! genome! sequencing! technologies! to! further!assess!the!genetic!heterogeneity!of!SMS!and!the!possible!clinical!overlap!of!this!syndrome!with!other!intellectual!disability!and!cognitive!dysfunction!disorders,!as! some! of! the! seemingly! characteristic! phenotypic! features! are! non^discriminating! amongst! ID! syndromes.! We! also! evaluate! the! pertinence! of!
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network! interactions! and! provide! experimental! data! in! support! of! potential!molecular!diagnoses.!!
Materials&and&Methods&Enrollment&The!institutional!review!board!of!the!Baylor!College!of!Medicine!(BCM)!approved!this! study.! Participants! were! enrolled! in! the! study! after! written! informed!consent!was!obtained!from!parents!or!legal!guardians.!Each!of!the!149!patients!was!clinically!assessed!by!their!respective!physicians.!!BCM! patients! were! diagnosed! as! potentially! affected! by! SMS! through! clinical!assessment.! Briefly,! they! all! presented! intellectual! disability! and/or!developmental!delay,!and!typically!had!sleep!disturbances,!stereotypies,!or!other!endophenotypes!common!to!SMS!(e.g.!distinctive!facial! features,! tantrums,!self^injurious! behaviors,! hoarse! voice).! The! clinical! presentation! of! SMS! is!heterogeneous;! therefore,! the! indication! of! SMS! by! a! clinician! can! be! either!premature! in! the! case! of! a! young! infant,! or! possibly! a! misdiagnosis! in! an!individual!with!behavioral!issues!and!ID.!!Detailed!SMS!patients’!phenotypes&The! detailed! phenotype! descriptions! of! 13! of! the! 15! patients! without! RAI1!genetic! alteration! are! described! in! Supplementary& text& and& Supplementary&
Table&S1.!The!remaining!2!individuals!had!no!clinical!data!available.!!aCGH&Targeted!chromosome!17p!aCGH!analyses!were!carried!out!on!each!proband!as!previously! reported17.! Additional! genome^wide! aCGH! was! conducted! on! each!person!using!Baylor!Miraca!Genetics!Laboratory!design!version!10.1,!an!Agilent!180K!oligo!array.!All!array!data!were!analyzed!as!previously!described18.!
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!Exome!sequencing&To!uncover!genetic!variants!associated!with!the!abnormalities!shown!by!the!15!patients!without!RAI1!genetic!alteration,!we!performed!whole!exome!sequencing!of!DNA!extracted! from!blood!of! the!proband!and!both! their! parents!whenever!possible!(8!trios)!at!the!BCM!Human!Genome!Sequencing!Center!via!the!Baylor^Hopkins!Center! for!Mendelian!Genetics.!Exomes!were! captured!and! sequenced!on! an! Illumina!HiSeq! platform! using! previously! described!methods19.! Variants!were! filtered! based! on! inheritance! patterns! including! autosomal! recessive,! X^linked! and! de# novo/autosomal! dominant.! Variants! with! MAF<0.05! in! control!cohorts! (ARIC,! 1000! genomes,! the! exome!variant! server! and!our! internal!BCM!database! of! >5000! exomes)! and!predicted! to! be! deleterious! by! SIFT10! and/or!PolyPhen! were! prioritized.! Sanger! sequencing! confirmed! putatively! causative!variants!and!their!familial!segregation.!
&Modeling&The!primary!sequence!of!each!candidate!protein!was!loaded!in!Swiss^PdbViewer!aligned! onto! suitable! modeling! templates! retrieved! from! SWISS^MODEL! and!superposed!in!3D^space!using!Swiss^PdbViewer20,!21.!Each!variant!was!modeled!in! the! context! of! the! overall! 3D^structure! to! evaluate! its! potential! impact!with!respect! to! protein! folding,! as! well! as! to! position! of! known! disease^associated!variants.!We!also!assessed! if!missense!variants!perturbing! the!protein! function!clustered!in!3D!around!key!regions!of!the!protein22.!!The! ZEB2! Zinc! finger! residues! 995^1078! were! modeled! using! the! pdb! entry!1mey!as!template23.!MAP2K2!was!modeled!using!both!MAP2K2!(pdb!entry!1s9i!3.2A! resolution24! and! MAP2K1! (pdb! entry! 3eqi,! 1.9A! resolution)! structures25.!The!GLDC!residues!were!aligned!on! the!Synechocystis#sp.! glycine!decarboxylase!model! PCC!6803! (pdb! entry!4LHD)26.! To!model! the!CASK!variants,! two!partial!CASK! crystal! structures! (pdb! entries! 1kwa,! chain! A27! and! 1kgd,! chain! A![http://www.ncbi.nlm.nih.gov/pubmed/11729206?dopt=Abstract])! covering!
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residues! 487^572! and! 739^914,! respectively,! were! superposed! on! the! crystal!structure!of!PALS1/Crb!(pdb!entry!4wsi28)!that!present!35%!identity!with!CASK.!!Literature!mining&Because!literature!resources!do!not!use!entity!name!in!a!consistent!way,!we!first!checked! each! gene! identifier! by!using! UniProtKB! (http://www.uniprot.org)! or!HUGO! Gene! Nomenclature! Committee! (HGNC)!database!(http://www.genenames.org)! in! order! to! retrieve! the! recommended/approved!name,! short! name(s),! alternative! and! synonymous! name(s)! if! any! for! each!targeted!gene,!as!well!as!the!name(s)!of!the!encoded!protein.!These!were!used!as!singleton!and/or!pairwise!strings!to!extract!information!from!various!literature!resources:! PubMed! (http://www.ncbi.nlm.nih.gov/pubmed),! Google! Scholar,!iHOP! (http://www.ihop^net.org/UniPub/iHOP/)! and! EVEX!(http://evexdb.org/Gene),! to! cite! here! the! original! source! of! reference! for! this!project.!The!obtained!results!were!curated!and!the!reported!relationships!were!visualized!using!Cytoscape!(3.2.1;!http://www.cytoscape.org/).!The!connectivity!was!assessed!using!the!Knet^function,!which!is!based!on!the!adaptation!of!spatial!statistics!concepts!to!network!analysis!proposed!in!29.!The!statistical!significance!of!the!obtained!Knet^function!value!was!calculated!with!respect!to!a!population!of! permuted! networks! (n=106)! derived! from! the! original! prior! knowledge!network.!It!is!worth!noting!here!that!the!connectivity!is!not!only!based!on!direct!but!also!on!indirect!connections!through!shortest!paths.!!Identification!of!RAI1!Interacting!Proteins&We!identified!ZBTB17/MIZ1!and!BRD2!as!likely!interactors!for!RAI1!with!a!yeast!two^hybrid!assay.!Briefly,!two!fragments!of!the!carboxyl^terminus!of!mouse!Rai1#(a.a!1246^1841!and!a.a.!1246^1890)!were!cloned!into!pCWX200!as!baits.!Around!10! million! independent! cDNA! library! clones! (10x! library! coverage)! were!screened!for!protein^protein!interaction!with!both!baits.!From!this!analysis,!we!identified! ZBTB17/MIZ1,#BRD2,# and#SOGA3! as! reasonable! candidates! (at! least!two! clones,! supported! by! both! baits)! for! RAI1# interaction! candidates.! These!
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interactions! were! further! assessed! using! co^immunoprecipitation! (co^IP)!analysis! in! HEK293! cells.! Full^length!Rai1#was! cloned! in! pCMV^3xFLAG! vector!while! the! three! candidates! were! cloned! into! pCMV^HA! vectors! to! confirm! the!yeast!two^hybrid!results.!Lysate!from!the!co^transfected!HEK293!cells!(RAI1!and!one! of! the! candidates)!was! purified!with! EZview! FLAG^M2! beads! (Sigma)! and!analyzed!with! rat! anti^HA! (Abcam)! on!Western! Blot.! The! interaction! between!RAI1!and#ZBTB17/MIZ1#was!confirmed!by!co^IP,!however!BRD2#did!not!express!well!enough!on!Western!blot,!and!SOGA3!was!too!sticky!to!conduct!co^IP!with,!as!it!bound!to!the!beads!in!the!absence!of!FLAG^RAI1.!!!Embryo!collection!and!RNA!extraction&Mice! were! housed! in! standard! specific! pathogen! free! conditions.! All! animal!studies! were! conducted! under! protocols! approved! by! the! Baylor! Institutional!Animal! Care! and! Use! Committee! and! followed! NIH! guidelines.! Timed!matings!between#Rai1!heterozygous!females!and!males!in!F2!generation!in!the!C57BL/6!
TyrcVBrd! and!129SvEv!mixed!genetic!background!were! implemented! to!generate!
Rai1V/V! embryos.! To! harvest! embryos,! pregnant! females! were! sacrificed! by!cervical!dislocation!and!the!embryos!were!dissected!from!the!uterus!in!ice^cold!PBS! solution.! Similar! sized! embryos! at! 10.5! dpc! were! collected! in! 1.5! ml!eppendorf! tubes,! frozen! immediately! in! liquid! nitrogen,! and! stored! in! –80oC.!Portions!of!the!yolk!sac!were!saved!for!genotyping!as!described!previously30.!For!RNA!extraction,! the!whole! embryos!were!homogenized! in!Trizol! and!RNA!was!extracted! according! to! the!manufacturer’s! instruction! (Invitrogen)! followed!by!purification!on!columns!using!an!RNeasy!mini!kit!(Qiagen!Sciences,!Germantown,!MD).!The!RNA! integrity,!concentration,!and!overall!quality!were! tested!with!an!Agilent!Bioanalyzer!2100!and!a!NanoDrop!ND^1000!spectrophotometer.!!Microarray!processing!and!analysis&Five!to!ten!micrograms!of!total!RNA!from!each!individual!embryo!of!three!Rai1V/V!at! 10.5! dpc! and! three! wild! type! controls! were! used! to! produce! cRNA! target!microarray!transcriptome!analyses.!Day!10.5!dpc!embryos!were!chosen!because!
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Rai1! functions! during! this! stage! as! indicated! by! its! strong! expression! and!embryonic!lethality!of!Rai1V/V#embryos!from!7.5!to!18.5!dpc!(Bi!et!al!2005!HMG).!In!addition,! the!size!of! the!Rai1V/V#embryos!at!10.5!dpc! is!comparable! to! that!of!their!wild! type! littermates!whereas! the! few! surviving!Rai1V/V#mice! at! birth! are!significantly! smaller! than! the! wild! type30.! The! integrity! and! quality! of! the!extracted!RNAs!were!assessed!on!a!2100!Bioanalyzer!(Agilent,!Santa!Clara,!CA).!The! target! was! generated! using! a! reverse! transcription! reaction! to! produce!cDNA!(SuperScript!Choice!System,!Gibco),!which!was!subsequently!subjected!to!
in#vitro# transcription!with! biotinylated! cytidine^5’^triphosphate! and! uridine^5’^triphosphate! using! ENZo! BioArray! High! Yield! RNA! Transcript! Labeling! kit! to!produce!biotinylated! cRNA.!The! target!was! then! fragmented!and!hybridized! to!Affymetrix!Mouse!Genome!430!2.0!Array!GeneChips!(Affymetrix,!Santa!Clara,!CA)!in! duplicates! using! an! Affymetrix! GeneChip! Fluidics! Station! 400.! ! The! arrays!were!stained!with!phycoerythrin^coupled!avidin!and!scanned!using!a!GeneArray!Scanner!3000.!The! resultant! output!was! analyzed!using!Affymetrix!Microarray!Suite! software! and! examined! for! excessive! background! or! evidence! for! RNA!degradation.! The! chips! were! assessed! by! scaling! factor,! average! background,!percent!of!probe!sets!that!are!present,!number!of!probes!present!and!the!3’^end!to!5’^end!probe!intensity!ratio!for!housekeeping!probe!sets!(bVactin!and!GAPDH),!as!well! as! the! number! of! probes! present! for! the! “spiked! in”! probe! sets! (BioB,!
BioC,! BioD,! and! Crex).! All! the! chips! were! of! good! quality,! which! is! further!supported!by!the!observations!that!they!have!similar!RNA!degradation!patterns!and!the!chips!were!well!replicated!within!the!same!genotype!group!as!shown!by!scatter!plot!analyses.!The!criteria!for!genes!differentially!expressed!are!that!the!log! ratio! of! the! normalized! expression! values! in! the! Rai1! deficient! embryos!versus!the!controls!is!>!0.5!and!the!P!value!<!0.05,!which!empirically!gives!a!very!low! false! detection! rate.! The! probesets! with! very! low! expression! values! were!filtered! out.!We! analyzed! the! chromosomal! position! of! all! the! regulated! genes!using! the! chromosomal! coordinates! within! recent! genome! assemblies! of! the!mouse! (mm5).! The! array! data! were! analyzed! using! the! GC^RMA! program! to!estimate! the! expression! measures! from! the! probe! level! data31.! The! program!corrects! the! background,! normalizes! the! raw! perfect! match! data! using! the!quantile!normalization!method,! and! summarizes! the!probe!values! to!probe! set!
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values! (expression! values,! one! per! probe! set! per! chip),! in! log2! scale.! The! fold!change!for!each!probe!is!the!log!ratio!of!average!expression!value!in!the!mutant!samples!divided!by!that!in!the!wild!type!controls.!The!fold!change!is!considered!to!be!significant!if!P!≤!0.05.!
#4C^seq&4C! libraries! were! prepared! from! LCLs! of! two! age^matched! female! control!individuals.!Briefly,!LCLs!were!grown!at!37°C.!5x107!exponentially!growing!cells!were! harvested! and! crosslinked! with! 1%! formaldehyde,! lysed! and! cut! with!DpnII,! a! 4^cutter! restriction! enzyme! that! allows! higher! resolution32.! After!ligation! and! reversal! of! the! crosslinks,! the! DNA!was! purified! to! obtain! the! 3C!library.! This! 3C! library! was! further! digested! with! NlaIII! and! circularized! to!obtain!a!4C!library.!The!inverse!PCR!primers!to!amplify!4C^seq!templates!were!designed! to! contain! Illumina! adaptor! tails,! sample! barcodes! and! viewpoint^specific!sequences.!The!selected!viewpoint!maps!within!the!5’!portion!of!the!first!intron!of!the!RAI1!gene!(700bp!from!the!donor!site!of!exon!1),!a!region!enriched!in!DNAseI!hypersensitive!and!transcription!factor!binding!sites!33.!It!corresponds!to!the!closest!suitable!DpnII!fragment!relative!to!the!transcriptional!start!sites!of!the! targeted! gene.! The! sequence! of! the! 4C^seq! primers! is! reported! in!
Supplementary&Table& S13.!We!amplified!at! least!1.6!µg!of!4C!template!(using!about!100!ng!of!4C!template!per!inverse!PCR!reaction,!for!a!total!number!of!16!PCRs).! We! multiplexed! the! two! 4C^seq! templates! in! equimolar! ratios! and!analyzed!them!on!a!100^bp!single^end!Illumina!HiSeq!flow!cell.!The!numbers!of!raw,! excluded,! and! mapped! reads! for! each! LCL! sample! are! detailed! in!
Supplementary&Table&S14.!!4C^seq!data!analysis&4C^seq! data! were! analyzed! as! previously! described32,!34,! 35! through! the! 4C^seq!pipeline! available! at! http://htsstation.epfl.ch/)36! and! visualized! with!gFeatBrowser!(http://www.gfeatbrowser.com).!Briefly,!the!multiplexed!samples!were! separated,! undigested! and! self^ligated! reads! removed.! Remaining! reads!
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were!aligned!and!translated!to!a!virtual!library!of!DpnII!fragments.!Read!counts!were!then!normalized!to!the!total!number!of!reads!and!replicates!combined!by!averaging! the!resulting!signal!densities! (Supplementary& Figure& S5).!The! local!correlation! between! the! profiles! of! the! two! samples! per! viewpoint! was!calculated! (Spearman! correlation:! 0.83).! The! combined! profiles! were! then!smoothed!with!a!window!size!of!29!fragments.!The!region!directly!surrounding!the! viewpoint! is! usually! highly! enriched! and! can! show! considerable!experimental!variation,!thereby!influencing!overall!fragment!count.!To!minimize!these! effects,! the! viewpoint! itself! and! the! directly! neighboring! ‘undigested’!fragment!were! excluded! during! the! procedure.! In! addition! to! this! filtering,!we!modeled!the!data!to!apply!a!profile!correction!similar!to!the!one!described!in!37!using! a! fit!with! a! slope! ^1! in! a! log^log! scale38.! Significantly! interacting! regions!were!detected!by!applying!a!domainogram!analysis!as!described39.!We!selected!BRICKS!(Blocks!of!Regulators!In!Chromosomal!Kontext)!with!a!p^value!threshold!smaller! than! 0.01! for! both! “cis”! and! “trans”! interactions,! and! annotated! the!BRICKs! overlapping! genes! as! well! as! the! closest! upstream! and! the! closest!downstream!genes,!in!a!window!of!+/^500kb.!
&Enrichment!analyses&Gene!annotation!was!obtained!through!BioScript!(http://gdv.epfl.ch/bs).!Protein!interaction!networks! for!BRICKs!genes!were!determined!using!STRING!(Search!Tool! for! the! Retrieval! of! Interacting! Genes/Proteins)! v9.1! (http://string^db.org/)40.! We! exploited! GO! with! Enrichr!(http://amp.pharm.mssm.edu/Enrichr/)! to! assess! if! the! chromatin^contacted!genes!were!enriched!in!specific!pathways!and!genes!associated!with!Mendelian!diseases! and! GIANT! (http://giant.princeton.edu/)! and! Genemania!(http://www.genemania.org/)!to!test!tissue^specific! functional! interactions!and!produce! association! networks,! respectively41^44.!We! used!Enrichr! Chromosome!Location!tool!and!BRICKS!count!in!different!window!sizes!(5Mb,!1Mb!and!500kb)!to!determine!whether!any!cytogenetic!band!other!than!17p11.2!was!enriched!for!BRICKS.!Other!than!17p11.2,!we!identified!significant!enrichments!at!cytobands!17p12,!17p13!and!2q22,!where!the!gene!ZEB2!is!located.!
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!Hi^C!data!&Hi^C! matrices! from! Rao! et# al.45! were! prepared! by! first! applying! a! KR!normalization!to!the!5kb!and!100kb!resolution!observed!matrices,!and!then!by!dividing! each! normalized! score! by! the! expected! one! extracted! from! the! KR!expected! file! (as! described! previously! in! section! II.c! of! the! Extended!Experimental! Procedures! of! reference45).!KR!Expected! values! less! than!1!were!set!to!1!to!avoid!long^distance!interaction!biases.!HiC!matrices!from!Dixon!et#al.46!were! generated! from! the! normalized! datasets! at! a! 40kb! resolution! and!transformed!to!a!400kb!resolution!by!summing!the!contacts!observed!in!10x10!sub^matrices.!Expected!vectors!represent!the!mean!number!of!contacts!observed!at!a!given!distance!and!were!used!to!calculate!the!observed/expected!matrices.!!
Results&Clinical!and!Molecular!findings&Through! physicians! from! a! large! network! of! medical! genetics! centers! we!enrolled! a! cohort! of! 149! individuals! presenting! with! a! constellation! of! SMS!features.! High^density! 17p11.2! array! Comparative! Genomic! Hybridization!(aCGH)! and! Sanger! sequencing! of! RAI1! showed! that! 134! out! of! 149! subjects!presented! genetic! or! genomic! alteration! of! the! RAI1# gene9,! 11,! 17,! 47^50,! 96/134!(72%)!individuals!carried!the!classic!recurrent!3.7!Mb!SMS!deletion,!10!(7.5%)!contained!an!Uncommon!Recurrent!1!(UR1)!or!UR2!rearrangement,!24!(18%)!a!non^recurrent!RAI1#deletion!and!4!(3%)!had!a!de#novo!variant!in!RAI19,!11,!47,!50,!51!(Supplementary&Table&S1).!Whereas!these!proportions!are!similar!to!published!results12,!52,! it! is! likely! that! some! clinicians! did! not! refer! individuals!with! SMS!features! who! were! negative! for! SMS! molecular! diagnosis! (via! aCGH! or!Fluorescence! In# Situ! Hybridization,! FISH)! or! who! were! positive! for! another!potentially! causative! CNV,! for! example! 1p36! deletion! syndrome15,! 53,! 54! that!shares! multiple! similarities! with! SMS.! Indeed,! many! individuals! were!molecularly! diagnosed! prior! to! sample! submission.! Consistent! with! this!
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hypothesis,! a! study! identified! mutations! affecting! RAI1! in! only! 30%! of! SMS!subjects12.!!!The!remaining!15!individuals!(10%)!showed!no!discernable!perturbation!of!the!
RAI1! gene.!The!13!with!available!clinical!data!presented! the! following!classical!SMS! features:! ID! (12/13),! DD! (13/13),! sleep! disturbances! (8/13)! and/or! self^injurious! behavior! (10/13)! in! particular! onychotillomania! (7/13)&
(Supplementary& Text,& Supplementary& Table& S1).&To! identify! the!underlying!cause!of!the!phenotypes!of!these!15!individuals,!the!probands!and!their!parents!when!available!(8!cases)!were!subjected!to!high^resolution!genome^wide!aCGH!and! whole! exome! sequencing.! We! identified! potentially! causative! variants! in!nine! individuals! (Supplementary& Table& S1).!These!group! into! five! categories:!(i)! a! 47,! XYY! karyotype! (subject! BAB2492);! (ii)! de# novo! variants! in! ZEB2#(BAB2386),# CASK# (BAB2540)# and# KMT2D# (BAB2319)! (iii)! compound!heterozygote!variants!in!GLDC#(BAB4947);!(iv)!a!MECP2!variant!in!a!female!with!random!X^inactivation! (BAB2552)! inherited! from! the! individual’s!mother,!who!presented!with! a! skewed! X^inactivation! pattern! (away! from! this! allele)! in! her!blood!(Supplementary&Figure&S1);!and!(v)!variants!in!POGZ#(BAB2330,!variant!not! maternally! inherited),! MAP2K2# (BAB2474)! and! the! X^linked! KDM5C#(BAB2293),!the!origins!of!which!could!not!be!assessed.!We!confirmed!by!Sanger!sequencing!the!segregation!of!sequence!variants!in!available!family!members.!Individual!BAB2330!and!four!other!carriers!of!heterozygous!truncating!variants!in!POGZ!allowed!the!recent!description!of!a!new!syndromic!form!of! intellectual!disability55.! We! compared! the! phenotype! of! the! remaining! subjects!(Supplementary& Text,& Supplementary& Table& S1)!with! those! associated!with!the! identified!molecular! diagnoses,! including! 47,XYY,!Mowat^Wilson! syndrome!(MOWS;!OMIM#235730),!mental!retardation!and!microcephaly!with!pontine!and!cerebellar!hypoplasia!(MICPCH;!OMIM#300749),!Kabuki!syndrome^1!(KABUK1;!OMIM#147920),! glycine! encephalopathy! (GCE;! OMIM#605899),! X^linked!syndromic! mental! retardation! 13! (MRXS13;! OMIM#300055),!cardiofaciocutaneous!syndrome!(CFC4;!OMIM!#615280)!and!X^linked!syndromic!mental!retardation!Claes^Jensen!type!(MRXSC;!OMIM#300534)!(Supplementary&
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Table&S2).!While!we!observed!some!distinct!clinical!features!(e.g.!macrocephaly!and! seizures! in! the! carriers! of! variants! in! KDM5C! and! GLDC,! respectively!(Supplementary& text))! a! sufficient! group! of! features! are! specific! to! SMS56! to!hypothesize! that! in! some! cases! the! molecular! diagnosis! hinted! at! potential!underlying! genetic! heterogeneity! for! SMS! rather! than! misdiagnoses! of! other!syndromes! and! that! some! of! the! 47,XYY,! MOWS,! MICPCH,! KABUK1,! GCE,!MRXS13,! CFC4! and! MRXSC! syndromes! have! a! greater! clinical! phenotypic!variability! than! anticipated.! This! prompted! investigation! of! the! presumptive!effect!of!the!variants!on!the!encoded!proteins!and!molecular!perturbations!that!may!underlay!the!observed!phenotypic!manifestations.!!Variant!analysis!and!Modeling&The! variants! identified! in! KMT2D! (p.E3418X)! and! MECP2! (p.P389fsX)! are!predicted! to! be! loss^of^function! alleles,! which! are! likely! pathogenic! alleles! as!
KMT2D! and! MECP2! are! «extremely! intolerant»! and! «intolerant»! to! loss^of^function! variation! according! to! the! Exome! Aggregation! Consortium! database!version! 0.3! (http://exac.broadinstitute.org)! [10.2015]! (pLI=1.0! and! 0.7,!respectively)! and! as! analogous! loss^of^function! variants! in!KMT2D! and!MECP2!were! identified! in! KABUK157! and! MRXS1358! individuals,! respectively!(Supplementary&Table&S3]S4).!When!possible!we!used!X^ray!structures!and/or!cryo^EM!modeling!to!obtain!a!three^dimensional!representation!of!the!remaining!encoded!proteins!and!compared!the!variants!we!identified!with!those!previously!reported! in!MOWS,!MICPCH,! GCE,! CFC4! and!MRXSC! subjects! (Supplementary&
Table& S5]S9).!By!and!large!these!models!suggest!that!the!variants! identified!in!the!current!study!are!detrimental!to!the!encoded!proteins:!i)!the!ZEB2!p.H1049P!variant! substitutes! a! residue! that! participates! in! the! coordination! of! the! Zn++!atom!of!one!of! the!Zinc! fingers,! similar! to! the!variant!p.H1045R! identified! in!a!MOWS!subject!(Figure&1A;&Supplementary&Table&S9);!ii)!the!MAP2K2!p.D69del!variant!removes!one!of!the!two!aspartic!acid!residues!involved!in!the!binding!of!a!Ca++!ion!in!the!conserved!GELKDD!loop!(Figure&1B);!iii)!the!GLDC!p.L726Q!and!p.P647L! variants! likely! affect! the! packing! of! the! encoded! protein! in! the!neighborhood! of! the! catalytic! lysine! K754! residue! similar! to! the! 61! missense!
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(A)! ZEB2:! Position! of! the! H1049P! variant! identified! in! patient! BAB2386!with!respect! to! the! Zinc! finger! residues! 995^1078! (green! ribbon).! Residue! H1049!(red)! together!with! residue!H1045! (purple),!which!was! reported!mutated! in! a!Mowat^Wilson! syndrome!patient! (Supplementary& Table& S10),! is! essential! for!the! coordination! of! the! Zn++! ion! of! the! Zinc! finger.! The! S1071! residue! located!within! an! alpha^helix! that! directly! contacts! the! DNA!major! groove! (pink)!was!similarly!found!mutated!in!another!MOWS!patient!(Supplementary&Table&S10).!A!proline!at!this!position!will! likely!disrupt!the!helix!through!steric!hindrances,!thus!impacting!the!DNA!binding!ability!of!the!Zinc!finger.!(B)!MAP2K2:!Position!of! the!D69del!variant! identified! in!patient!BAB2474!with!respect! to! the!overall!MAP2K2/MAP2K1! structures.! Since! (i)! MAP2K1! has! a! higher! resolution! than!MAP2K2;! (ii)! is! readily! superposable! onto!MAP2K2;! and! (iii)! residues! close! to!D69del! in!3D!space!are!strictly!conserved,! its!model!has!been!used!to!highlight!the! context! of! the! variant.! The! ribbon! representation! is! colored! by! backbone!root^mean^square! deviation! to! MAP2K1! (with! a! dark! blue,! blue,! cyan,! green!gradient! representing! region!with! rmsd!<! 0.5,! <! 1.0,! <! 1.5,! <! 2.0! respectively).!Regions!not!resolved!in!MAP2K2!are!shown!in!red!and!ADP!is!represented!as!a!space^filling! model.! The! D69! and! D70! residues! are! located! at! the! top! of! a!conserved! GELKDD! loop! facing! the! conserved! residues! S139! and! D140.! These!residues!are!involved!in!the!binding!of!a!Ca++!ion!(orange).!D69!is!also!binding!a!Na+!ion!(green),!itself!coordinated!by!a!network!of!water!molecules!(purple)!held!in!place!by!the!conserved!R100!(yellow)!and!E138!(not!highlighted).!A!deletion!of!D69!will!alter!the!local!loop!geometry!and!disrupt!the!ion!coordination!ability!of! this! conserved! region.! (C)! GLDC:! Positions! of! the! compound! heterozygote!variants!P647L!(red!space^filling!model)!and!L726Q!(orange!space^filling!model)!found!in!patient!BAB4947!relative!to!the!61!missense!variants!conferring!glycine!encephalopathy!(GCE)!reported!in!the!literature,!i.e.!R59T,!L82W,!S132W,!Y138F,!N150T,! Y161C,! G171A,! T187K,! A202V,! R212K,! C225R,! T269M,! A283P,! D295Y,!L296R,! A313P,! P329T,! H371D,! I372F,! R373W,! A389V,! R410K,! I440N,! R461Q,!P509A,! R515S,! T532R,! N533Y,! R536E,! M552V,! S564I,! A569T,! E597K,! V611G,!C644F,! H651R,! A694P,! P700A,! S701F,! V705M,! G728R,! N732K,! R739H,! H753P,!H760Q,! G761R,! G762R,! P765S,! G766C,! P769L,! G771R,! H775R,! R790W,! A802V,!T830M,!M840K,! A841P,! V905G,! P949L,! S957P! and!R966G! (yellow! space^filling!models).! Although! disease^conferring! variants! are! scattered! throughout! the!peptide! chain,! once! analyzed! in! their! 3D! context! they! cluster! in! a! specific!structural! region,! which! in! its! center! bears! the! catalytic! lysine! K754! and!pyridoxal! phosphate! (pink! space^filling! model).! All! GCE^conferring! variants!result! in! bulkier! residues! or! elicit! a! change! of! charge! (Supplementary& Table&
S7).! The! variants! identified! in! the! SMS! patient! cannot,! likewise,! be!accommodated! without! forcing! a! local! structural! rearrangement;! specifically!P647L! clashes! with! I676,! whereas! L726Q! collides! with! P740! and! Q734.! (D)!CASK:!Two!partial!CASK!crystal!structures!covering!residues!487^572!(red)!and!739^914! (orange)!were!superposed!onto! the!crystal! structure!of!PALS1/Crb! to!model! their! relative!orientation!and!highlight! the!position!of! the!R489! residue!(yellow!space^filling!model)!found!mutated!in!patient!BAB2540!in!context!of!the!overall!C^terminal!domain!of!the!protein!(left!panel).!The!R489!residue!(yellow!space^filling!model)!adopts!an!extended!conformation!perpendicular!to!the!beta!sheet!(red;!top!right!panel).!Whereas!in!some!species!a!Lysine!residue!is!found!at!this!position!as!it!can!adopt!a!similar!conformation!and!be!positively!charged,!the!
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mutant!R489W!identified!in!SMS!patient!BAB2540!cannot!be!accommodated!in!this!structural!context.!A!bulkier!tryptophan!residue!in!this!position!will!have!to!point!outward!in!a!direction!parallel!to!the!beta^sheet!(bottom!right!panel).!Since!it!is!located!at!the!end!of!a!domain,!the!protrusion!of!an!unexpected!sidechain!in!this!region!could!prevent!the! formation!of!an!extended!beta^sheet,! for!example!with!the!N^terminal!domain!of!CASK!or!another!protein,!because!of!collision!with!its! sidechains.! The!position!of! a! beta^strand!present! in! the! crystal! structure! of!PALS1/Crb!(pink!arrow)!is!shown!to!illustrate!this!concept!with!R489!(top!right!panel)! and! W489! (bottom! right! panel).! The! R489W! variant! will! affect! the!molecular!surface!of!the!domain,!revealing!a!recessed!hydrophobic!patch!formed!by! the! hydrophobic! residues! V491! (dark! green)! and! I567! (light! green),!which!possibly!will!affect!interaction!with!other!molecules.!!!The!identified!rare!variants!affect!Rai1^associated!genes!&We!next!proceeded!to!test!the!hypothesis!that!genes!mutated!in!individuals!with!SMS^like! features!were! associated!with!RAI1.#To! challenge! this! assumption!we!first!assessed!if!HDAC4,!MBD5!and!PITX3,!three!genes!previously!reported!to!be!associated! with! SMS! phenotypes13,! 14,! 16,! BRD2! and! ZBTB17# (a.k.a.! MIZ1),!twogenes! encoding! high^confidence! RAI1! interactors! we! identified! by! two^hybrid!assay!(Methods)!and!ZEB2,#CASK,#KMT2D,!GLDC,!MECP2,!MAP2K2,#POGZ!and! KDM5C,! the! eight! genes! identified! here,! were! part! of! a! RAI1! functional!network.! Manual! curation! of! the! literature! revealed! single! or! double! edges!functional! relationships! between! 10! of! these! 14! genes.! This! network! includes!
ZEB2,#MECP2! and!MAP2K2! (Figure& 2A)! indicating! that!may! have! uncovered! a!“disease! network”! as! previously! described59.! The! significance! of! the! observed!connectivity! (P=0.00328)! was! assessed! adapting! spatial! statistics! concepts! to!network!analysis29& (Methods).!Second,!we!used! the!GIANT!database! (Genome^scale!Integrated!Analysis!of!gene!Networks!in!Tissues60)!to!assess!whether!these!fourteen!genes!form!a!functional!network!and!eventually!capture!tissue^specific!functional! interactions.! When! considering! GIANT! data! from! neurons,# CASK!functions!as!a!provincial!hub!with!nine!edges!and!11!genes!(CASK,#GLDC,#HDAC4,#
KDM5C,#KMT2D,#MAP2K2,!MBD5,#MECP2,#RAI1,#ZBTB17,#ZEB2)#of!the!14!assessed!are! connected,! further! supporting! the! notion! of! “disease! network”! as! in!particular!HDAC4!and!MBD5,! two!of! the!three!genes!previously!associated!with!SMS^like!phenotypes!are!included13^15.!8!out!of!14!genes!(BRD2,#HDAC4,#KDM5C,#
MAP2K2,!MECP2,#POGZ,#RAI1#and#ZBTB17)!including!in!particular!the!two!genes,!
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BRD2! and! ZBTB17,! encoding! high^confidence! RAI1! interactors! are! functionally!linked!in!the!“all!tissue”!network!(Figure&2).!Furthermore,!when#RAI1!is!used!as!single! query! gene,! RAI1! and# CASK! are! directly! linked! in! the! resulting! gene!network!but,!again,! specifically! in!neurons!(Supplementary& Figure& S3).!These!results!and! the!data!extracted! from!the! literature!suggest! that!at! least! some!of!the! eight! genes! with! variants! potentially! causing! SMS^like! phenotypes! could!possibly!be!causative!as!they!are!functionally!associated!with!RAI1.!!
!
Figure&2:&RAI1&Molecular&interactions&
(A)& Literature]defined& molecular& interactions.& Genes! interactions! network!obtained! combining! literature! text^mining! resources! (i.e.! Pubmed,! Google!Scholar,! iHOP! and! EVEX)! and! visualized! using! Cytoscape.! Nodes! are! colored!depending!on!the!role!of!the!gene:!genes!associated!with!SMS!phenotypes!in!red!(RAI1! is!highlighted!with!a! thicker!outline);!RAI1! interactors! identified! in!yeast!two^hybrid!screens!in!dark!blue;!genes!with!rare!possibly!damaging!variants!in!SMS!patients!identified!in!this!report!in!light!blue;!‘extra!nodes’!required!to!make!connection! are! shown! as! white! squares,! while! ‘extra! nodes’! found! in! the! 4C!BRICKs!of!the!RAI1!viewpoint!are!depicted!in!green.!
All tissues
Neuron
A                                                                                                               B
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(B)&Co]expression]based&molecular&interactions&Tissue^specific!functional!interaction!network!built!using!GIANT!(Genome^scale!Integrated!Analysis!of!gene!Networks!in!Tissues,!http://giant.princeton.edu/)!in!“all! tissues”! (top! panel)! versus! “neuron”! (bottom! panel),! with! minimum!relationship!confidence!=!0.5!and!maximum!number!of!genes!=!15.!RAI1,#HDAC4,#
PITX3,# MBD5,# BRD2,# MIZ1/ZBTB17,# CASK,# KMT2D,# MECP2,# GLDC,# KDM5C,#
MAP2K2,#POGZ!and!ZEB2!were!used!as!queries.!!!!!!To! gain! further! insights! about! the! genes! regulated! by! Rai1# during! mouse!embryonic! development,! we! performed! microarray! analysis! on! total! RNA!prepared!from!three!10.5!dpc!Rai1V/V#embryos!and!from!three!of!their!wild!type!littermates.! The! two! Rai1! transcripts! present! on! the! array! are! significantly!down^regulated! in!Rai1V/V#embryos! compared! to! wild! type! littermates! (e.g.! the!AK013909! transcript! with! a! fold! change! of! 6.2! shows! the! largest! down^regulation!amongst!the!45,037!assessed!probesets).!In!fact!the!expression!values!for! both! transcripts! are! within! background! levels! in! the! Rai1V/V# embryos!indicating! that! both! transcripts! are! not! expressed! in! the! Rai1V/V! mutants! and!further!corroborating!the!contention!that!the!engineered!Rai1#mutant!allele!is!a!complete! null! allele30.! In! total,! 142! and! 157! probe! sets! showed! an! over! 2^fold!increase!or!decrease,!respectively!(Supplementary&Table&S10;&Methods)!in!the!mutant!mice.!Consistent!with!the!hypothesis!that!genes!potentially!causative!of!the! SMS^like! phenotypes! are! functionally! associated! to! or! transcriptionally!regulated!by!RAI1,! the!expression!levels!of!both!Zeb2#(ENSMUSG00000026872)!and! Map2k2# (ENSMUSG00000035027)! were! perturbed! in! Rai1^/^! mice!(Supplementary& Table& S10).!We! then! assessed! the! chromosomal! position! of!the! dysregulated! genes.! The! enrichment! score! using! a! Pearson! Chi^Square!goodness! of! fit! statistic! indicated! that! they! showed! a! biased! chromosome!distribution!with!22%!of!the!genes!down^!and!26%!of!the!genes!up^regulated!in!the#Rai1!mutants!mapping!to!mouse!chromosome!11!(MMU11)!where!the!Rai1#gene!resides.!Less! than!5%!of! the!differentially!expressed!genes!are! located!on!any!chromosome!other!than!MMU11.!This!enrichment!on!MMU11!for!down^!and!up^regulated! genes! in! Rai1V/V! embryos! is! reminiscent! of! our! previous! finding!that!the!engineered!MMU11!deletion!and!reciprocal!duplication!that!mimic!SMS!
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Transcripts:! The! structure! of! the! transcripts!mapping!within! human! 17p11.2!cytoband! from! approximately! 16.5Mb! to! 18.5Mb! are! indicated,! in! particular!those!of!the!RAI1,#TOM1L2!and!ATPAF2!genes.!
Viewpoint:!The!red!tick!shows!the!mapping!position!of!the!RAI1!viewpoint!used!in!the!4C!experiments.!
PC/BRICKs:& Smoothed! and! profile^corrected! 4C! signal! (upper! part! of! each!panel)! and! BRICKs! (lower! part)! identified! for! each! replicate! (blue! and!burgundy).! The! corresponding! BRICKs! significance! heatmap! color! legend! is!showed!in!the!bottom!right!corner.!
(B)! High! resolution! Hi^C! chromosome! conformation! capture! results! obtained!with!the!GM12878!LCL!within!the!chromosome!17!17.25^18.22Mb!window!(5kb!resolution).! Yellow! and! light! blue! squares! highlight! the! contact! domains! and!peaks!identified!in!45,!respectively.!The!position!of!the!RAI1,#TOM1L2!and!ATPAF2!genes!is!indicated.!!!
(C)& Distribution! of! Hi^C! scores! in! selected! (FDR1%)! vs! non^selected& BRICKS!(FDR10%).! Virtual! 4C^seq! tracks!were! generated! for! the!RAI1! viewpoint! from!the! GM12878! Hi^C! results! published! in_ENREF_3945! (5kb! resolution)! by!extracting!the!Hi^C!vectors!from!the!KR!normalized!observed/expected!matrices.!BRICKS!found!with!the!viewpoint!were!quantified!by!the!mean!Hi^C!signals.!The!p^value! of! two^sided! t^test! is! reported! for! the! comparison,! together! with! the!number!of!Hi^C!bins!and!the!%!of!non^NA&bins.&!!We!recently!showed!the!pertinence!of!this!approach!by!documenting!that!genes!associated! with! ASD! and! head! circumference! phenotypes! were! linked! by!chromatin!loops34.!As!a!third!approach!to!assess!if!RAI1!is!biologically!related!to!the! eight! genes! identified! in! the! SMS^like! individuals,! we! used! an! adapted!version! of! the! 4C! method! (4C^seq:! Circularized! Chromosome! Conformation!Capture! combined! with! multiplexed! high^throughput! sequencing)34,! 35,! 64^66! to!identify! chromosomal! regions! that! physically! associate! with! the! RAI1!“viewpoint”.! We! independently! analyzed! the! local! pattern! of! chromosomal!interactions! in!LCLs!of! two!control! individuals! (Supplementary& Figure& S4]S5,&
Methods).! Genome^wide! we! detected! 153! significant! BRICKs! (Blocks! of!Regulators!In!Chromosomal!Kontext;!FDR!≤!1%),!i.e.!3^dimensionally!interacting!genomic!fragments!(Methods;& Supplementary&Table& S11),!encompassing!147!genes.! Within! the! 66! (43%)! intrachromosomal! BRICKs! we! identified,! in!particular,! two! genomic! intervals! that! flank! the!RAI1! viewpoint! (Figure& 3A]B)!and! which! are! de# facto#positive! controls,! as! they! were! previously! reported! to!interact!with!RAI1! in!high!resolution!Hi^C!(genome^wide!conformation!capture)!
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from!LCLs38,!45.!Although!trans^DNA!contacts!from!Hi^C!datasets!are!only!reliable!when! determined! over! genomic! windows! larger! than! single^restriction!fragment67,!we!can!report!consistency!between!Hi^C!results38!and!the!inter^!and!intrachromosomal!contacts!we!identified!in!this!report!(Figure&3C,&Methods).!The!genes!mapping!within! the!RAI1^chromatin!contacted!genomic! loci! (BRICKs!genes)! are! enriched! for! genes! that! encode! proteins! that! interact! together! (82!observed! interactions! versus! 35! expected;! P=6.41e^12).! BRICKs! genes! are! also!enriched! for! the! GO! term! “detection! of! light! stimulus! involved! in! sensory!perception”! in! Enrichr! (P=5.45e^3)! (Methods;& Supplementary& Table& S12).!Similarly,!Enrichr!showed!that!chromosome!contacts!were!enriched!in!inter^!and!intrachromosomal! cytobands! (17p11,! adjusted! P! <! 1e^09;! 17p12,! adjusted! P#
=9.7e^09;!17p13,!adjusted!P#=1.8e^03;!and!2q22!adjusted!P#=4.95e^02).!ZEB2,!one!of!the! eight! genes! found!mutated! in! the! SMS! subjects,!maps! to! the! latter! 2q22.3!region! and! is! flanked! by! BRICKs.! To! further! assess! possible! functional!relationships!between!RAI1!and!chromatin^contacted!genes,!we!retrieved!the!list!of!322!genes!flanking!the!BRICKs!(BRICKs!flanking!genes,!i.e.!the!closest!genes!to!be!found!upstream!and!downstream!of!a!BRICK!within!a!500kb!window).!The!4C!assays! in! particular! identified! interchromosomal! contacts! with! restriction!fragments! mapping! 200kb! away! from! the! ZEB2! and! GLDC! gene! loci.! We! then!compared! the! lists! of!BRICKs!genes! and!BRICKs! flanking!genes!with! the! list! of!genes! whose! expression! levels! were! perturbed! in! Rai1^/^! mouse! embryos.!Although!our!analysis!is!restricted!by!a!small!sample!size,!we!found!a!consistent!trend! of! overrepresentation! (Fisher’s! enrichment! test,! P=0.22,! OR=1.5,! and!
P=0.2,!OR=1.4)!with!10!and!18!chromatin^contacted!BRICKs!genes!and!BRICKs!flanking! genes,! respectively,! differentially! expressed! in! the!mouse! knockdown!model.! Interestingly,! 6! out! of! 10! of! these!BRICKs! genes!mapping! at! cytobands!17p13,!17p11!(2!genes),!17q21!and!17q23!(2)!have!mouse!orthologs! that!map!on! mouse! chromosome! MMU11,! thus! possibly! explaining! the! enrichment! of!MMU11^mapping! genes! within! genes! differentially! expressed! in! Rai1^/^! mouse!embryos!(Supplementary&Figure&S6).!!
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!
Discussion&Within! a! cohort! of! 149! individuals! presenting! clinical! features! of! SMS! we!identified!90%!(134/149)!of! individuals!with!either!a!heterozygous!deletion!of!
RAI1! or! a! predicted! deleterious! variant! of! the! RAI1! gene.! We! used! recent!advances! in! genome! sequencing! technologies! to! possibly! identify! genetic!alteration(s)! associated! with! SMS! in! the! remaining! subjects.! These! strategies!were!successfully!applied!to!discover! loci!associated!with!ID68.!They!revealed!a!large! genic! overlap! between! ID! and! ASD,! schizophrenia! and! epileptic!encephalopathy69! suggesting! that! some! developmental! disorders! have! highly!variable! clinical! presentations.! They! similarly! uncovered! limitations! to! the!phenotype^driven! strategy! and! conventional! clinical! paradigm! of! identifying!individuals! with! very! similar! presentations! as! they! revealed! an! unsuspected!phenotypic!variance!of!known!disorders70,!71.!The!diagnosis!of!SMS!has!primarily!relied!on!clinical!suspicion!and!consideration!in! a! differential! diagnosis! followed! by! laboratory! studies! and! confirmatory!molecular!findings.!Since!the!subjects!studied!in!this!cohort!were!ascertained!by!experienced!clinicians,!an!aptitude!supported!by!the!low!number!of! individuals!without!a!RAI1!molecular!diagnosis,!we!exploited!the!remaining!15!individuals!to!assess! the! possible! heterogeneity! of! this! syndrome! (Figure& 4).! We! identified!potentially!causal!genetic!alterations!in!nine!individuals.!They!comprise!variants!in! the! ZEB2,# CASK,# KMT2D,# GLDC,! MECP2,# MAP2K2,# KDM5C! and! POGZ! genes,!which!are!associated!with!MOWS,!MICPCH,!KABUK1,!GCE,!MRXS13,!CFC4,!MRXSC!and!a!new!ID!syndrome55,!respectively,!as!well!as!a!47,!XYY!karyotype.!!It!is!important!to!the!medical!community!to!identify!phenotypic!overlap!between!diseases,!which!suggest!common!causes!and!alterations!of!the!same!pathways,!as!this! knowledge! could! be! exploited! therapeutically.! In! this! report! we! identify!previously!unappreciated!relationships!between!SMS!and! its!major!driver!RAI1!and!other!diseases! that! include!MOWS,!MICPCH,!KABUK1,!GCE,!MRXS13,! CFC4!and! MRXSC.! Literature! mining,! co^expression! data,! transcriptome! profiling! of!
Rai1V/V! animal! models! and! chromosomal! contacts! support! the! existence! of! a!
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comprehensive! “biological! module”72! or! “disease! network”59! underlying! these!diseases.!!
!
Figure&4:&Genetic&heterogeneity,&phenotypic&variance&and&misdiagnosis&
(A)!RAI1! and! gene! A! are! associated!with! Smith^Magenis! syndrome! (SMS)! and!syndrome!A,!respectively!and!variants!(yellow!“thunders”)!in!those!genes!cause!the!green!and!blue!phenotypes,!respectively.!(B)!The!phenotypic!spectra!of!these!diseases! could! be! more! variable! than! anticipated! and! result! in! overlapping!features.! Such! overlap! could! be! due! to! a! broader! phenotypic! variability! of!syndrome!A,! of! SMS! or! of! both! syndromes! (right! panels).! The! rare! variants! in!
Rai1^associated! genes! identified! in! individuals! with! SMS^like! features! and!reported!here!(red!“thunders”)!could!be!explained!by!a!combination!of!genetic!heterogeneity! of! SMS! and! allelic! heterogeneity! of! gene! A! (C),! an! increased!variance!of!syndrome!A!(D)!or!a!misdiagnosis!of!SMS!(E).!!!Are! we! exploring! genetic! heterogeneity! in! SMS! or! misdiagnosis! of! these!syndromes?! Although! none! of! the! 15! subjects! described! in! this! study! have!traditional! molecular! diagnoses! involving# RAI1# haploinsufficiency! and! thus!
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should! formally! be! considered! misdiagnoses,! many! have! phenotypes! with!considerable! overlap! with! SMS! (Figure& 4,& Supplementary& Table& S1,&
Supplementary& text).! BAB4947! presented! facial! dysmorphisms,! SMS^like!behavioral! disturbances! that! include! sleep! problems,! polyembolokoilamania,!onychotillomania,! brachycephaly! and! brachydactyly,! as! well! as! known! GLDC^variants! associated! features! such! as! seizures.! His! clinical! diagnosis! could!possibly! be! confounded! by! the! likely! presence! of! two! molecular! diagnoses:!compound!heterozygous!variants!in!GLDC!and#an!inherited!frameshift!variant!in!
TCOF1,! a! gene! associated!with! Treacher! Collins! syndrome^1! (OMIM!#154500)!and!possibly!accounting! for! the!down^slanting!eyes,!everted! lateral!eyelids!and!malar! hypoplasia.! The! clinical! scenario! is! similar! with! cases! BAB2474! and!BAB2540,! who! did! not! show! CFC4^! (e.g.! ectodermal! anomalies,! craniofacial!features)! and! MICPCH^distinctive! features! (e.g.! microcephaly! and!pontocerebellar!hypoplasia).!Likewise! individual!BA2492!has!a!constellation!of!symptoms! (sleep! disturbance,! DD,! cognitive! impairment,! brachydactyly)!compatible! with! only! the! most! severe! 47,XYY! sex! chromosome! aneuploidy!cases73.!Consistent!with!the!hypothesis!of!expanded!phenotypes,!the!phenotypic!variability! of! White^Sutton! syndrome! associated! with! variants! in! POGZ! keeps!extending! with! clinical! features! including! ASD,! DD,! ID,! schizophrenia! and!microcephaly55,!68,!74^80.!We! can! also!not! formally! rule! out! that!we!have!not! yet!determined! the! true! genetic! cause(s)! of! the! phenotypic! spectrum! of! these!subjects! or! they! occur! in! presence! of! more! complex,! blended! phenotypes! as!exemplified!by!BAB4947!above.!The! presented! results! support! the! notion! that! at! least! some! of! the! identified!variants! in! candidate! SMS! contributory! genes! CASK,# GLDC,# KDM5C,! KMT2D,#
MAP2K2,#MECP2,#POGZ!and!ZEB2#are!causative!of! the!observed!phenotypes!and!thus!that!modification!of!the!function!of!these!genes!is!associated!with!a!greater!phenotypic!variability!than!previously!expected!(Figure&4).!Conversely,!one!and!two! carriers! of! damaging!RAI1! variants!were! identified!within! a! total! of! 6,381!ASD76,!81!and!2,426!ID68,!75,!82^85!individuals,!respectively.!Whereas!the!phenotype!of!one!of!the!ID!subjects!was!retrospectively!found!to!be!consistent!with!SMS85,!we! lack! detailed! phenotypic! information! regarding! the! other! two! cases.! If! we!
! 173!
assume!that!these!two!individuals!do!not!present!with!typical!SMS!features!that!would!have!excluded!them!from!these!cohorts,!it!suggests!that!the!phenotype!of!carriers!of!RAI1!deleterious!variants!is!similarly!more!variable!than!anticipated.!Structural! variations,! especially! large! rearrangements! involving! several! genes,!shape!tissue!transcriptomes!and!impact!the!expression!of!genes!mapping!to!their!flanks86,61.!We!show!that! the!homozygous!deletion!of!Rai1! in!mouse!embryos30!influences!the!expression!of!several!genes!and!in!particular!MMU11!genes.!The!



























Supplementary&Figure&S3:&Co]expression]based&molecular&interactions&Tissue^specific!functional!interaction!network!built!using!GIANT!(Genome^scale!Integrated!Analysis!of!gene!Networks!in!Tissues,!http://giant.princeton.edu/)!in!“all! tissues”! (top! panel)! versus! “neuron”! (bottom! panel),! with! minimum!
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Supplementary& Table& S2:& Comparison& of& typical& SMS,& MOWS,& MICPCH,&
KABUK1,&GCE,&MRXS13,&CFC4&and&MRXSC&phenotypes.&
Supplementary&Table&S3:&pathogenic&variants& identified& in&KMT2D& in& this&
report&(bold,&patient&BAB2319)&and&in&literature&(references&below).&
Supplementary& Table& S4:& pathogenic& variants& identified& in&MECP2& in& this&
report&(bold,&patient&BAB2552)&and&in&literature&(references&below).&
Supplementary& Table& S5:& pathogenic& variants& identified& in& CASK& in& this&
report&(bold,&patient&BAB2540)&and&in&literature&(references&below).&
Supplementary& Table& S6:& pathogenic& variants& identified& in& GLDC& in& this&
report&(bold,&patient&BAB4947)&and&in&literature&(references&below).&




Supplementary& Table& S9:& pathogenic& variants& identified& in& ZEB2& in& this&
report&(bold,&patient&BAB2386)&and&in&literature&(references&below).&
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ENSG00000141034. C17orf39. . ENSG00000214946. TBC1D26.
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. . . ENSG00000101577. LPIN2.
. . .
ENSG00000102891. MT4.
. . . ENSG00000103769. RAB11A.
. . .
ENSG00000105137. SYDE1.
. . . ENSG00000107745. MICU1.
. . .
ENSG00000107960. OBFC1.
. . . ENSG00000108443. RPS6KB1.
. . .
ENSG00000108599. AKAP10.
. . . ENSG00000108602. ALDH3A1.
. . .
ENSG00000109047. RCVRN.
. . . ENSG00000109066. TMEM104.
. . .
ENSG00000109107. ALDOC.
. . . ENSG00000109536. FRG1.
. . .
ENSG00000112214. FHL5.
. . . ENSG00000115145. STAM2.
. . .
ENSG00000115946. PNO1.
. . . ENSG00000119865. CNRIP1.
. . .
ENSG00000121274. PAPD5.
. . . ENSG00000122497. NBPF14.
. . .
ENSG00000122971. ACADS.
. . . ENSG00000123545. NDUFAF4.
. . .
ENSG00000124523. SIRT5.
. . . ENSG00000125872. LRRN4.
. . .
ENSG00000126088. UROD.
. . . ENSG00000126856. PRDM7.
. . .
ENSG00000127080. IPPK.
. . . ENSG00000128482. RNF112.
. . .
ENSG00000128487. SPECC1.




. . . ENSG00000130598. TNNI2.
. . .
ENSG00000131844. MCCC2.
. . . ENSG00000132581. SDF2.
. . .
ENSG00000135914. HTR2B.
. . . ENSG00000136856. SLC2A8.
. . .
ENSG00000136859. ANGPTL2.
. . . ENSG00000136867. SLC31A2.
. . .
ENSG00000137648. TMPRSS4.
. . . ENSG00000137747. TMPRSS13.
. . .
ENSG00000137801. THBS1.
. . . ENSG00000138308. PLA2G12B.
. . .
ENSG00000140807. NKD1.
. . . ENSG00000141034. GID4.
. . .
ENSG00000141040. ZNF287.
. . . ENSG00000141367. CLTC.
. . .
ENSG00000141527. CARD14.
. . . ENSG00000145506. NKD2.
. . .
ENSG00000145979. TBC1D7.
. . . ENSG00000145982. FARS2.
. . .
ENSG00000148408. CACNA1B.
. . . ENSG00000148828. LOC100288255.
. . .
ENSG00000148926. ADM.
. . . ENSG00000150991. UBC.
. . .
ENSG00000152315. KCNK13.
. . . ENSG00000154025. SLC5A10.
. . .
ENSG00000154898. CCDC144CP.
. . . ENSG00000156026. MCU.
. . .
ENSG00000156966. B3GNT7.
. . . ENSG00000157837. SPPL3.
. . .
ENSG00000160218. TRAPPC10.
. . . ENSG00000160326. SLC2A6.
. . .
ENSG00000162739. SLAMF6.
. . . ENSG00000162980. ARL5A.
. . .
ENSG00000163930. BAP1.
. . . ENSG00000164236. ANKRD33B.
. . .
ENSG00000164871. SPAG11B.
. . . ENSG00000166073. GPR176.
. . .
ENSG00000166484. MAPK7.
. . . ENSG00000166582. CENPV.
. . .
ENSG00000166596. WDR16.
. . . ENSG00000166938. DIS3L.
. . .
ENSG00000167524. SGK494.
. . . ENSG00000168614. NBPF9.
. . .
ENSG00000168961. LGALS9.




. . . ENSG00000170298. LGLS9B.
. . .
ENSG00000170324. FRMPD2.
. . . ENSG00000170791. CHCHD7.
. . .
ENSG00000171298. GAA.
. . . ENSG00000171403. KRT9.
. . .
ENSG00000171928. TVP23B.
. . . ENSG00000172794. RAB37.
. . .
ENSG00000174738. NR1D2.
. . . ENSG00000175061. C17orf76&AS1.
. . .
ENSG00000175061. SNORD65.
. . . ENSG00000176386. CDC26.
. . .
ENSG00000176994. SMCR8.
. . . ENSG00000177602. GSG2.
. . .
ENSG00000178184. PARD6G.
. . . ENSG00000178307. TMEM11.
. . .
ENSG00000178342. KCNG2.
. . . ENSG00000178445. GLDC.
. . .
ENSG00000178977. LINC00324.
. . . ENSG00000180787. ZFP3.
. . .
ENSG00000181350. FAM211A.
. . . ENSG00000181619. GPR135.
. . .
ENSG00000182315. MBD3L3.
. . . ENSG00000184635. ZNF93.
. . .
ENSG00000185947. ZNF267.
. . . ENSG00000186603. HPDL.
. . .
ENSG00000186825. C2orf27B.
. . . ENSG00000186832. KRT16.
. . .
ENSG00000187607. ZNF286A.
. . . ENSG00000187984. ANKRD19P.
. . .
ENSG00000188522. FAM83G.
. . . ENSG00000188933. USP32P1.
. . .
ENSG00000196544. C17orf59.
. . . ENSG00000196990. FAM163B.
. . .
ENSG00000197124. ZNF682.
. . . ENSG00000197223. C1D.
. . .
ENSG00000197566. ZNF624.
. . . ENSG00000198890. PRMT6.
. . .
ENSG00000203832. NBPF20.
. . . ENSG00000205718. MBD3L4.
. . .
ENSG00000206609. SNORD116&11.
. . . ENSG00000206656. SNORD116&17.
. . .
ENSG00000206688. SNORD116&18.
. . . ENSG00000207137. SNORD116&13.
. . .
ENSG00000207174. SNORD116&15.




. . . ENSG00000207460. SNORD116&19.
. . .
ENSG00000207693. MIR602.
. . . ENSG00000207839. MIR33B.
. . .
ENSG00000207926. MIR135A1.
. . . ENSG00000213240. NOTCH2NL.
. . .
ENSG00000214514. KRT42P.
. . . ENSG00000214822. KRT16P3.
. . .
ENSG00000214856. KRT16P1.
. . . ENSG00000215356. ZNF705B.
. . .
ENSG00000215372. ZNF705G.
. . . ENSG00000215458. LOC284837.
. . .
ENSG00000215861. LOC653513.
. . . ENSG00000219607. PPP1R3G.
. . .
ENSG00000220205. VAMP2.
. . . ENSG00000221288. MIR663B.
. . .
ENSG00000221540. MIR1180.
. . . ENSG00000223380. SEC22B.
. . .
ENSG00000223510. CDRT15.
. . . ENSG00000224074. LINC00691.
. . .
ENSG00000226435. ANKRD18DP.
. . . ENSG00000226521. LOC100287072.
. . .
ENSG00000226746. SMCR5.
. . . ENSG00000227255. CDRT15P2.
. . .
ENSG00000227300. KRT16P2.
. . . ENSG00000076382. SPAG5.
. . .
ENSG00000231256. C17orf105.
. . . ENSG00000231528. FAM225A.
. . .
ENSG00000233327. USP32P2.
. . . ENSG00000072134. EPN2.
. . .
ENSG00000169554. ZEB2.
. . . ENSG00000240024. LINC00888.
. . .
ENSG00000243667. WDR92.
. . . ENSG00000250462. LRRC37BP1.
. . .
ENSG00000252577. SCARNA20.
. . . ENSG00000255168. RP11&458D21.5.
. . .
ENSG00000256229. ZNF486.
. . . ENSG00000256771. ZNF253.
. . .
ENSG00000258472. RP11&192H23.4.
. . . ENSG00000258701. LINC00638.
. . .
ENSG00000261126. RBFADN.
. . . ENSG00000261879. LOC100130950.
. . .
ENSG00000263512. MIR4311.
. . . ENSG00000263641. MIR4777.
. . .
ENSG00000263834. MIR4635.




. . . ENSG00000264624. MIR3615.
. . .
ENSG00000264744. MIR3689C.
. . . ENSG00000264943. SH3GL1P2.
. . .
ENSG00000265083. MIR3691.
. . . ENSG00000266433. TBC1D3P5.
. . .
ENSG00000266719. MIR4676.
. . . ENSG00000266733. TBC1D29.
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2/28. 0.014776359. 0.510487273. &2.676383536. 1.799572381. SLC9A3R1;FLCN.
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chr17p12. 7/46. 3.8047E&10. 9.70187E&09. &3.0372371. 56.03990076. ZNF232;UBB;DHRS7B;STX8;TOP3A;GRAP;COX10.
chr17p13. 7/328. 0.000104393. 0.001774689. &2.1966188. 13.91366902. ZNF594;USP6;TMEM107;D
RG2;ITGAE;AURKB;GAS7.
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RAI1. Replicate1. 21'867'968. 6'501'347. 15'366'621. 7'775'204.
RAI1. Replicate2. 43'592'203. 11'281'662. 32'310'541. 12'163'326.!!
Supplementary&Text&
&
Detailed!SMS!patients’!phenotypes&BAB1604!was!a!3^years^2^months!old! female!with!global!developmental!delay,!behavioral! difficulties,! self^injurious! behavior,! and! stereotypies! including! hand!flapping! and! self^hugging.! Sleep! cycle!was! reportedly! normal.! The! patient!was!reported!to!have!always!been!hypotonic,!and!had!a!femur!fracture!at!11!months!with! an! otherwise! unremarkable! skeletal! survey.! Family! history! was!noncontributory.!Growth!parameters!showed!a!head!circumference!at!about!5th!percentile!despite!height!and!weight!around!the!75th!percentile.!Features!were!somewhat!coarse!with!deep^set!eyes!and!synophrys,!a!small!philtrum,!thick!lips!with!a!cupid's!bow,!wide!spaced!teeth,!a!prominent!chin!and!borderline!low!set!ears.! She! had! hypotonia,! joint! hypermobility,! bilateral! muscle! wasting! of! her!distal! thighs! and! calves,! and! absent! deep! tendon! reflexes! (DTRs)! in! the! lower!extremities.!Toenails!were!hypoplastic!and!she!had!bilateral!5th!toe!clinodactyly.!Previous! work^up! included! urine! organic! acids,! plasma! amino! acids,!oligosaccharides,! mucopolysaccharides,! very! long! chain! fatty! acids,!ceruloplasmin,! liver! function! tests,!B12,! folate,! lactate,!TSH,! lead! level,! creatine!kinase,!high!resolution!chromosomes,!and!FISH!for!deletion! in! the!Prader^Willi!region!^!all!normal.!Ophthalmology!exam!was!normal.!Brain!MRI!demonstrated!an!asymmetric!cranial!vault!but!was!otherwise!normal.!EMG!demonstrated! the!
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possibility! of! an! axonal! neuropathy! consistent! with! Charcot^Marie^Tooth!disease.!!BAB1952! was! a! male! evaluated! at! 13^years! for! global! developmental! delay,!behavioral!difficulties!including!aggressive!outbursts!and!self^injurious!behavior,!nail! biting,! and! sleep! disturbances.! He! was! reported! to! have! had! feeding!difficulties! as! an! infant,! hypotonia,! and! a! severe! articulation! disorder.! MRI!showed! a! mild! increase! in! the! CSF! spaces! around! the! cerebral! hemispheres.!Renal!ultrasound!demonstrated!bilateral!hydronephrosis!with!hydroureters,!and!bilateral!ureteropelvic!junction!obstruction!status!post!surgical!correction.!!!BAB2134! was! an! 11^year! old! male! with! developmental! delay,! aggressive!behavior! and! bilateral! sensorineural! hearing! loss.! He! was! born! at! 38! wks! of!gestation,! and!weighed! 6! lbs! 8! oz! (appropriate! for! gestational! age,! AGA).! The!patient! had! slightly! delayed! motor! development,! with! walking! at! 18! months.!Speech!and!language!development!were!also!delayed,!with!first!words!spoken!at!4! years.! He! was! reported! to! have! an! abnormal! sleep! pattern,! self^injurious!behavior! including!pulling!out!his! toenails,! and!aggression! towards!others.!His!head!circumference!was!at!the!40th!percentile,!height!was!50th!percentile,!and!weight! was! 90th! percentile.! Physical! exam! revealed! frontal! bossing,! chubby!cheeks,! micrognathia,! upslanting! palpebral! fissures,! a! flat! bridge! nose! with!scooped!out!root,!and!brachydactyly!and!clinodactyly!of!the!5th!finger!bilaterally.!!BAB2293!was! a!male! evaluated! at! 2^years^3^months! for! global! developmental!delay!and!behavioral!difficulties.!He!was!born!by!emergency!C^section!for!failure!to! progress! secondary! to! deflexed! brow! presentation.! Birth! weight! was! AGA;!head!circumference!at!birth!was! just!above!the!90th!percentile.!He!had!delayed!motor!development,!with!commando!crawling!at!18!mo,!and!was!not!yet!walking!when!evaluated.!Speech!and!language!development!were!delayed,!with!a!single!word! "mum"! at! 27!months.! He! exhibited! aggressive! behaviors,! hand! flapping,!and! self^injurious!behaviors! including!biting!his!hands!and! toes,! head!banging,!and! pulling! out! his! own! hair.! He! had! an! abnormal! sleep! pattern! and! chronic!constipation.! Head! CT! was! unremarkable! aside! from! deformational!
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plagiocephaly! and! brachycephaly.! Work^up! included! chromosome! analysis,!Fragile! X! testing,! thyroid! function! studies! and! a! urine!metabolic! screen,! all! of!which! resulted! normal.!Whole! exome! sequencing! showed! a! variant! in!KDM5C!that!is!associated!with!X^linked!syndromic!mental!retardation!Claes^Jensen!type!(OMIM#300534).!!BAB2321!was!a!12^year!old!male!with!developmental!delay,!ADHD,!obsessive^compulsive! disorder,! and! aggressive! behavior.! Height,! weight! and! head!circumference!were! symmetric,! at! the! 5th^10th! percentiles.! The! patient! had! an!overall! coarse! appearance,! and! dysmorphic! features! included! a! narrow! head,!keel^shaped! forehead,! low! anterior! hair! line,! deep^set! eyes,! slight! periorbital!fullness,! epicanthal! folds,! a! wide! mouth! with! everted! tented! upper! lip,! wide!spaced! teeth! with! malocclusion,! macroglossia,! slightly! high^arched! palate,!marked! prognathism,! and! prominent! ears.! Hands! and! feet! were! short! with!stubby!digits,!and!prominent!fingertip!pads.!Skin!involvement!included!areas!of!psoriasis.!Previous!work^up!including!chromosome!analysis,!telomeres,!Fragile!X!testing,!and!enzyme!assays!for!lysosomal!storage!disorders!resulted!normal.!!BAB2330! was! a! 5^years^8^months! old! female! evaluated! for! acquired!microcephaly,! speech! and! language! delay,! and! behavioral! abnormalities!including! self^injurious! behaviors.! She! had! a! disturbed! sleep! cycle! that!responded! to!melatonin.! During! infancy,! seizure^like! episodes!were!witnessed!but!EEG!and!brain!imaging!were!normal.!The!patient!was!born!at!full!term!after!an! uncomplicated! pregnancy.! Birth!weight!was! 6! lbs! 10! oz! (AGA).!Weight! and!length!during!infancy!were!around!the!5th!percentile,!but!weight!had!increased!to! 97th! percentile! by! age! 5^years^8^months.! Length! at! this! time! was! 25th!percentile.! Head! circumference,! which! had! been! microcephalic! during! toddler!years! (^4SD),! was! at! 5th^10th! percentile! at! 5.5! years.! Physical! exam! showed!prominent! forehead,! narrow! eyes! with! mildly! upslanting! palpebral! fissures,!small! nose,! and! somewhat! thin!upper! lip.! Brain!MRI! and!EEG!were!normal,! as!were! ophthalmology! evaluation,! chromosome! analysis,! FISH! for! 17p11.2! and!22q11.2!deletions,!lead!levels,!thyroid!function!studies,!plasma!amino!acids!and!
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urine! organic! acids.! Whole! exome! sequencing! showed! a! de# novo! variant! in!
POGZ55.!!BAB2451! was! a! 10^year! old! female! with! developmental! delay,! intellectual!disability,! seizures,! self^injurious! behavior,! obesity,! onychotillomania,! and!narcolepsy.! Physical! examination! showed! macrocephaly! and! a! down^turned!mouth;! otherwise,! the! patient! was! non^dysmorphic.! MRI! showed! mild! global!volume!loss.!!BAB2474!was!a!5^year!old! female!with!developmental!delay,! feeding!problems!and! microcephaly.! She! was! born! at! 33! wks! gestation! by! C^section! due! to!premature! onset! of! labor,! acute! development! of! oligohydramnios! and! breech!presentation.!Birth!weight!was!4! lbs!1!oz! (50th!percentile),! and!Apgars!were!9!and!9!at!1!and!5!minutes.!The!patient!had!difficulty!feeding!and!failure!to!thrive,!necessitating!G^tube! feeds! for! the! first! four! years! of! life.! She! had!motor! delay,!with!walking!at!3.5!years;!and!speech!and! language!delay.!She!had!seizure^like!activity! but! a! normal! EEG! and! MRI.! Ophthalmology! diagnosed! ocular! motor!apraxia,! and! she! needed! eyeglasses! since! age! two! years.! She! had! bilateral!externally! rotated! legs! and! flexible! valgus! deformity! in! the! feet.! She! had! new!onset!of!hypertension!at!5! yrs,!with!normal! renal!parenchyma!per!ultrasound;!however,! renal! arteries! were! not! visualized! and! follow! up! imaging! was!recommended.! Previous! work! up! included! chromosome! analysis,! methylation!studies! for!Angelman!syndrome,!and!FISH! for!17p11.2,!22q11.2,!15q11,!15q13!and! 4p! deletions! ^! all! negative.!Whole! exome! sequencing! showed! a! variant! in!
MAP2K2! that! is! associated! with! cardiofaciocutaneous! syndrome! (OMIM!#615280).!!BAB2492!was!a!3^year!old!male!with!developmental!delay,!intellectual!disability,!hypotonia,! seizure^like! activity! but! normal! EEG,! feeding! difficulties,! failure! to!thrive!and!brachydactyly.!Chromosome!analysis!showed!47,XYY.!!BAB2540!was!born!after!a!normal!pregnancy,!at!a!birth!weight!of!4350!grams.!She! walked! at! 18! months.! Speech! development! was! severely! delayed.! She!
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exhibited! aggressive! behavior,! self^injury,! placing! objects! in! orifices! (nose! and!ears),! and! hand! biting.! She! had! amblyopia! and! normal! hearing.! Coarse! facial!features!were!apparent,!and!she!had!large!hands.!MRI!was!reportedly!normal,!as!were! chromosome! analysis! and! FISH! for! 17p11.2! deletion.! Whole! exome!sequencing!showed!a!de#novo! variant! in!CASK,!which! is!associated!with!mental!retardation! and! microcephaly! with! pontine! and! cerebellar! hypoplasia! (OMIM!#300749).!!BAB2552! was! a! female! evaluated! at! 5! years! for! developmental! delay,! a! very!short! attention! span! and! behavioral! problems.! She! had! an! abnormal! sleep!pattern!and!self^injurious!behaviors!including!self^biting.!Physical!exam!showed!deep^set! eyes,! and! overall! craniofacial! features!were! felt! to! be! consistent!with!Smith^Magenis! syndrome! (no! details! available).! Whole! exome! sequencing!showed!a!variant!in!MECP2,!which!is!associated!with!MECP2!X^linked!syndromic!mental!retardation!13!(OMIM!#300055).!!BAB2559! was! an! 8^year^old! male! evaluated! for! developmental! delay! and!behavioral! difficulties.! He! exhibited! speech! delay,! aggressive! behavior,! ADHD,!bipolar! disorder,! self^injurious! behavior,! and! sleep! disturbances.! He! was!reportedly! hypotonic! during! infancy,! and! had! difficulty! running! at! 8! years.!Physical!exam!revealed!poor!dental!alignment,!obesity!specifically! in! the! lower!abdomen!and!pubic!area,!and!absent!DTRs!in!the!lower!extremities.!MRI!showed!mild! widening! of! CSF! spaces! around! the! cerebral! and! cerebellar! hemispheres!and! mild! thinning! of! the! corpus! callosum.! Previous! evaluation! was! negative,!including!FISH!for!22q11.2!deletion!and!telomere!FISH.!!!BAB4947!was!a!male!patient!born!to!consanguineous!parents!of!Turkish!descent,!with! intellectual! disability,! seizures,! behavioral! disturbances,! aggressive!behavior,! polyembolokoilamania,! and! onychotillomania.! Physical! appearance!was!striking!for!a!Kabuki^like!face.!He!had!brachycephaly,!arched!eyebrows,!long!palpebral!fissures!with!lateral!eversion!of!the!eyelids,!a!thick!and!everted!upper!lip,!high!arched!palate,!ear!lobe!hyperplasia,!bilateral!preauricular!pits,!bilateral!single! palmar! creases,! and! brachydactyly.! Chromosome! analysis! and! FISH! for!
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Thesis&discussion&and&future&plans&&!Copy! number! variants! (CNVs)! represent! a! frequent! kind! of! lesion! in! human!genetic! disorders,! typically! affecting! multiple! genes,! regulatory! elements,! and!genomic! structures! at! the! same! time.! The! difficulty! of! investigating! these!complex! loci,! often! spanning! over! hundreds! of! Kilobases! or! even! several!Megabases,! is! due! to! the! necessity! of! taking! into! account! all! the! potential!contributing! mechanisms,! assign! causality! to! certain! driver(s)! and! identify!complex! additive! and/or! multiplicative! relationships! among! genes1.! Another!layer! of! complexity! is! added! by! the! 3D! spatial! organization! of! the! locus! of!interest,!often!overlooked!prior!to!the!advent!of!3C!techniques,!and!that!can!be!profoundly! altered! in! case! of! large! rearrangements,! triggering! a! cascade! of!perturbations! in! the! regulatory! landscape! of! the! region2! and! impacting! the!phenotype!of!the!carriers.!!The! three! chapters! of! this! thesis! approached! the!problem!of! interpreting! copy!number!variants!in!different,!and!sometimes!complementary,!ways.!Chapters&1!and!2! reported! the! investigations! concerning! a! very!well^studied! cytoband! on!the! short! arm! of! chromosome! 16,! the! 16p11.2,! and! in! particular! two! non^overlapping! rearrangement^prone! loci! mapping! less! than! 1! Mb! apart,! the!16p11.2!distal!220kb!BP2^BP3!and!the!600kb!proximal!BP4^BP5!intervals.!The!interest! in! these! CNVs! stems! from! the! observation! of! their! impact! on! mirror!phenotypes!of! body!mass! index! (BMI)! and!head! circumference! (HC),! and! their!association!with! neurodevelopmental! disorders,! in! particular! autism! spectrum!disorder!(ASD)3^20.!We!asked!ourselves!whether!this!remarkable!similarity!in!the!phenotypic!manifestations!could!originate!from!a!cross^talk!between!the!two!loci!at! the! chromatin! level! (Chapter& 1),! or! if! the! “interaction”! could! occur! at! the!genetic! level,! between! the! identified! driver(s)! and! modifier! genes! of! the!observed!phenotype!in!the!zebrafish!in#vivo!model!(Chapter&2),!or!whether!both!non^mutually! exclusive! scenarios! could! take! place.! Chapter& 3! addressed! a!different!question!in!a!different!locus,!i.e.!the!17p11.2,!whose!deletion,!together!with! the! deletion! and! point! mutations! of! the! encompassed! gene# RAI1,! is!implicated! in! the! neurobehavioral! manifestations! of! the! Smith^Magenis!
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syndrome21^30.!We!explored!an! interesting!case!of!genetic!and,!potentially,! also!phenotypic! heterogeneity,! that! required! a! comprehensive! approach! spanning!from! protein! modeling! to! network! analysis! through! 3D! spatial! genomics! to!identify!additional!players!in!the!RAI1^!disease!network.!!The!results!reported!in&Chapters&1!and!2&shed!some!light!on!the!interpretation!of!the!phenotypic!similarity!between!the!600kb!BP4^BP5!and!220kb!BP2^BP3!at!16p11.2,!but!leave!many!open!questions!and!challenges!for!future!investigations.!The!4C^seq!analyses,!together!with!validation!from!FISH!and!supporting!results!in!Hi^C!published!datasets31,!32,! suggests! that! these! two!regions!share! the!same!chromatin! compartment! or! “megadomain”32,!meaning! that! loci! in! this! interval!exhibit! the! same! genome^wide! contact! pattern.! This! open! chromatin!compartment!spans!approximately!4Mb,!from!~28Mb!to!~32Mb,!encompassing!both!intervals!and,!more!proximally,!a!Zinc!finger!genes^rich!region.!The!spatial!proximity! of! these! two! loci! is! paralleled!by! other! convergent! observations,! for!example! the! coordinated! behavior! in! terms! of! gene! expression,! enrichment! of!specific!molecular!marks,! and! the! sharing! of! a! set! of! downstream! targets,! but!also! the! concurrent! impact! of! the! change! of! copy! number! of! one! interval! on!chromatin!organization!and!transcript!levels33,!34!of!the!other.!!Our! present! hypothesis! is! that! the! spatial! proximity! reflects! ”proximity! in! the!function”!of!these!loci,!supported!by!fact!that!the!genomic!regions!connected!by!our! selected! set! of! viewpoints! revealed! enrichment! in! relevant! pathways! and!ASD^associated! genes,! similarly! to! what! reported! by! Cai! and! colleagues! about!8q24! prostate! cancer! risk! locus,! where! 4C^seq! was! able! to! uncover! contacts!between! key! genes! and! pathways! involved! in! prostate! cancer! onset! and!progression35.! Therefore,! we! can! exploit! 4C^seq! contacts! to! retrieve! a! list! of!potentially!biologically!significant!regions!that!are!close!in!the!3D!space!and!are!possibly!implicated!in!the!regulation!of!the!same!pathway(s)!and!contributing!to!the!same!phenotypical!outcome(s)!when!perturbed/rearranged/mutated.!Further!investigations!in!this!sense!are!required,!and!are!currently!in!progress,!to!evaluate!whether!the!contacts!found!in!human!lymphoblastoid!cell!lines!could!be! recapitulated! in! a!more! relevant! tissue! (i.e.! brain! cortex! compared! to! liver)!and!embryonic!developmental!stage(s),!taking!advantage!of!the!published!mouse!
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model!of!the!600kb!BP4^BP5!deletion!and!duplication!produced!by!Yann!Herault!laboratory! at! IGBMC,! Strasbourg36.! At! the! same,! we! propose! to! use! an!enhancement! of! Hi^C,! the! capture! Hi^C! (cHi^C)37,! using! the! target! sequence!enrichment!of!approximately!3Mb,!encompassing!both!the!220kb!BP2^BP3!and!the!600kb!BP4^BP5!loci,!to!capture!the!interactions!profile!of!the!entire!region!of!interest!and!not!to!limit!the!analysis!to!selected!“viewpoints”!fragments.!!!The!other!hypothesis!we!had!initially!made!on!the!possible!“cross^talk”!scenarios!between! BP2^BP3! and! BP4^BP5! was! their! genetic! interaction,! involving! the!additive! and/or! synergistic! activity! of! the! genes! encompassed! by! the! two!intervals! (Chapter& 2).! First,! we! identified! a! candidate! gene! for! the! head!circumference! phenotype! of! the! 220kb! BP2^BP3! CNV! syndrome,! testing! each!encompassed!gene! in#vivo! and! taking!advantage!of! the!zebrafish!animal!model,!successfully!used!for!similar!studies!in!several!recent!publications!38^40.!Our!data!interestingly!pointed!at!the!linker!for!activation!of!T^cells!(LAT)!as!the!only!gene!in! the! region!whose! overexpression!was! able! to! recapitulate! the!microcephaly!features! associated! with! the! BP2^BP3! duplication.! This! result! was! extremely!surprising,! given! the! well^established! role! of! this! molecule! in! T^cell! receptor!transduction! and,! to! the! best! of! our! knowledge,! its! exclusive! implication! in!immune! system^related! disorders,! i.e.! autoimmunity! and! lymphoproliferative!disease41,! 42.! LAT! impacts! cell! proliferation,! neuronal! maturation! and! axonal!projection! organization! in! the! zebrafish! head,! similarly! to! what! previously!revealed! for! the! head! size! phenotype’s! driver! gene! of! the! BP4^BP5! CNVs,! the!Potassium! Channel! Tetramerization! Domain! Containing! 13# (KCTD13)39.! We!hypothesized! and! confirmed! that! the! reduction! in! cell! proliferation,! observed!upon! overexpression! of! both! genes! individually,! exhibits! an! increased! severity!when! the! fish! are! exposed! to! the! pairwise! ‘cocktail’! combination! of! the! two!transcripts,! suggesting! an! “additive”! rather! than! “epistatic”! effect! for! the!interplay!between!these!two!genes.!However,!Golzio!and!colleagues!had!shown!that! the! expressivity! of! the! reciprocal! phenotype! induced! by! KCTD13!overexpression! and! suppression! could! be! modulated! by! other! two! genes!mapping!at!BP4^P5,!the!Mitogen^Activated!Protein!Kinase!3!(MAPK3)!and!Major!Vault!Protein!(MVP).#The!same!two!modifier!genes!were!also!able!to!enhance!the!
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severity! of! the! phenotype! triggered! by! LAT’s! increased! dosage.! Remarkably,!these! transcripts! do! not! significantly! affect! in! any! direction! the! count! of!proliferating!cells!in!the!brain!when!overexpressed!or!suppressed!individually39.!Therefore,!MAPK3!and!MVP!act! in!“cis^epistasis”!with!KCTD13!at! the!same!CNV!locus,!the!BP4^BP5!interval!at!16p11.2,!and!in!“trans^epistasis”!with!LAT,!which!is! located! 1Mb! away! at! BP2^BP3.! KCTD13! was! recently! proposed! to! affect!important! neuronal! pathways! through! two! interconnected! modules43! with!different! functions:! one! involved! in! DNA! replication,! synthesis,! and! repair,!primarily!observed!in!the!prefrontal!and!motor^sensory!cortex!during!late!mid^fetal!development;!and!the!other!involved!in!the!formation!of!E3!ubiquitin!ligase!complexes,!which! is!primarily! observed! in! the!parietal,! temporal,! and!occipital!cortex!during! late!mid^fetal!development.!The! latter! functionally^related!group!of! interacting! proteins! consists! of! KCTD13! and! Cul3^TNFAIP1^KCTD10,! and!regulates!the!ubiquitination!and!degradation!of!the!small!GTPase!RhoA,!which,!in!turn,!is!a!major!regulator!of!the!actin!cytoskeleton!and!cell!migration!and!plays!an! important! role! in!neuronal!development,! including!neurite!outgrowth,! axon!pathfinding,!neuronal!migration,!dendritic!spine!formation,!and!maintenance43.!T!cell!receptor!(TCR)!activation!results!in!the!tyrosine!phosphorylation!of!LAT,!and!direct!interaction!with!several!proteins,!which!mediates!the!indirect!interaction!of! LAT! with! SLP^76! and! Vav144.! It! is! tempting! to! speculate! that,! since! Vav!proteins! are! known! to! switch! to! active! state! Rho^GTP! family! members,! in!particular! RhoA,! Rac1! and! Cdc4245,! LAT! and! KCTD13! might! act! via! a! similar!mechanism!by!influencing!Rho!proteins!levels!and,!consequently,!Rho^mediated!processes!of! cytoskeletal! rearrangement,!which!could,! in! turn,! regulate!cellular!processes!that! influence!head!and!body!size!during!development.!Similarly,! the!signaling!pathways!activated!by!the!stimulation!of!the!TCR!and!regulated!by!LAT!result!in!a!rise!in!intracellular!calcium,!the!induction!of!a!number!of!transcription!factors! and! the! activation! of! mitogen^activated! protein! kinase! (MAPK)!cascades44.!LAT!and!KCTD13’s!modulator!MAPK3!(also!known!as!ERK1)!plays!an!essential!role!in!this!cascade46.!MVP! is!postulated!to!act!as!an!ERK!scaffold!that!modulates!MAPK/ERK!signaling47!and!evidence!is!accumulating!that!it!might!be!involved! in! the! regulation! of! this! and! other! important! cell! signaling! pathways,!including!the!PI3K/Akt,!also!activated!by!TCR!stimulation!via!LAT,!based!on!the!
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finding!that!MVP!binds!several!phosphatases!and!kinases!including!PTEN48,!SHP^249,!as!well!as!Erk!itself.!In!support!of!the!possible!interplay!between!these!three!BP4^BP5! mapping! loci! and# LAT,! Blumenthal! and! colleagues! also! showed! that!copy! number! variants! of! the! BP4^BP5! interval! results! in! LAT’s! differential!expression!in!human!lymphoblastoid!cell!lines33.!!Next! step! will! be! to! assess! whether! the! activity! on! brain! size! revealed! in!zebrafish!for!LAT!can!be!recapitulated!in!other!organisms!and!to!evaluate!if!the!neurogenic!defect!is!consistent!across!species.!We!are!currently!testing!the!LAT^deficient!mice!model! published! by! Zhang’s! lab! in! 199950,!51,! where! potentially!existing! morphological! perturbation! in! the! brain! might! have! been! missed! by!previous! investigations! as! only! immune! system^related! phenotypes! were!plausibly! evaluated! and! reported.! This!will! also! help! to! elucidate!whether! the!phenotype!is!driven!by!a!T^cells!dependent!mechanism,!since!T^cells!deficiencies!have!been!suggested!to!affect!brain!function!and!cognitive!processes52,!or!not,!as!reported! in! CD247! and! ZAPV70,! for! which! a! novel! role! was! recognized! in! the!CNS53.! In! parallel,! we!will! determine!whether! the! patients! carrying! the! 220kb!BP2^BP3! rearrangement! in! our! cohort! show! any! immune^related! anomaly,!especially! signs! of! dysfunctional! adaptive! cellular! immune! function! through!T^cells!activation!profiling54.!!!In! Chapter& 3&we! presented! the! results! of! the! characterization! of! a! cohort! of!patients! diagnosed! with! Smith^Magenis! syndrome.! While! the! vast! majority! of!them! displayed! the! common! heterozygous! deletion! of! RAI1! or! a! predicted!deleterious! variant! of! the!RAI1! gene,! a! small! subset! of! individuals!was! further!investigated!by!whole!exome!sequencing!(WES),! leading!to!the! identification!of!potentially!causative!variants!in!genes!associated!with!MOWS,!MICPCH,!KABUK1,!GCE,!MRXS13,!CFC4,!MRXSC!and!a!new!ID!syndrome55,!respectively,!as!well!as!a!47,!XYY!karyotype.!The!challenge!of! this!project,!which!was!approached!with!a!combination!of!literature!mining,!co^expression!data!and!chromatin!interactions!networks,! transcriptome! profiling! of! Rai1V/V! animal! models! and! variant!modeling! through! X^ray! structures! and/or! cryo^EM! modeling,! whenever!possible,! was! to! determine! the! contribution! of! genetic! and! phenotypic!variability,! using! a! new! conceptual! framework! to! describe! diseases! in! their!
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complexity,! for!example! in!view!of! the!pleiotropic!relationship!among!different!human! diseases! and! consequent! comorbidities.! This! framework! needs! to! take!into! account! the! high! multifactorial! nature! of! the! causes! of! disease!pathogenesis56,! 57,! including! genetic! variation,! epigenetic! modifications,!chromatin!structure!perturbations2,!58!and!several!types!of!genome^environment!perturbations.! Our! results! support! the! existence! of! a! common! “biological!module”59!or!“disease!network”60!linking!the!identified!genes!with!RAI1,!which!is!in!agreement!with!the!idea!that!genes!implicated!in!the!same!or!related!diseases!often! cluster! in! the! protein^protein! interactions! (PPI)! network! or! form!connected! modules! within! networks61^63.! Furthermore,! recent! publications!reported! cases! of!mutations! occurring! at! different! interaction! interfaces! in! the!same! protein! helping! to! elucidate! how! a! single! gene! could! be! involved! in!multiple!disorders!(i.e.!pleiotropy)!or!in!disorders!with!multiple!distinct!modes!of! inheritance64,! 65.! It! is! clear! that! also! the! identification! of! modifier! genes,!additionally!to!the!main!phenotype!driver,!as!in!the!case!of!the!genes!MAPK3!and!
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